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ABSTRACT
The supply of phosphorus (P) directly impacts the growth and speciation of
marine microbes (i.e., phytoplankton, bacteria, Archaea). In turn, microbial communities
shape the magnitude and rate of marine biogeochemical cycles, ultimately affecting
global climate and food production. This dynamic reflects the continuum of temporal and
spatial scales at which the marine P cycle operates. However, linking multiple scales of
cycling remains a consistent challenge. The primary objective of my dissertation was to
gain insight into marine P biogeochemistry, by means of analytical chemistry, at the
molecular and environmental scales of cycling. The first component of my research was
to examine the composition of dissolved organic P (DOP) using coupled electrodialysisreverse osmosis (ED/RO) and solution 31P-NMR. My results demonstrated the capability
of ED/RO isolation to recover more than 80% of the DOP pool with minimal isolation
biases or impact to its molecular integrity. Following ED/RO isolation, I applied solution
31

P-NMR to estuarine samples collected at high and low tide over a full seasonal cycle

from North Inlet, South Carolina. This coupled approach revealed six components of the
DOP pool, including the first direct estimates of the major diester class, while also
demonstrating the molecular complexity within each defined bond class. This dataset
suggests marine DOP composition is in a dynamic equilibrium regardless of
environmental regimes (i.e., open ocean, coastal ocean, tidal-estuary). The second
component of my research examined the relative cycling of P, with respect to carbon (C)
and nitrogen (N) within the North Inlet estuary. This was assessed through C:N:P
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stoichiometry, which was then compared and applied to models for tidal exchange and
microbial community nutrient status. In North Inlet tidal creeks, persistent N limitation
was observed to drive a net import of N, while temporary P surplus drove seasonal P
export. These observations were linked with the biological availability of dissolved
organic nutrients, such as DOP. Similar to its molecular composition, DOP appeared to
be in a dynamic equilibrium: neither exported nor imported over each tidal cycle.
Overall, my research provides significant insight into the molecular mechanisms of DOP,
which may help describe the broader dynamics of marine P biogeochemistry.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 BACKGROUND
Phosphorus (P) is essential to the functioning of all biological systems. In the marine
environment, diverse communities of planktonic microorganisms (i.e., phytoplankton,
bacteria, Archaea) not only require P for cellular structure (e.g., membrane lipids and
nucleic acids) and metabolic regulation (e.g., ATP, phosphorylation), but also rapidly
mediate the flux of carbon, nutrients, and energy through a variety of reduction-oxidation
pathways (e.g., photosynthesis and respiration) and trophic interactions (Karl, 2014).
These critical relationships between P and marine plankton have far-reaching
consequences that fundamentally impact marine ecosystem health and biogeochemical
cycling (Arrigo, 2005). For example, too much P delivered into the marine environment,
notably from agricultural runoff, may result in the rapid production and decomposition of
microalgae (i.e., eutrophication and anoxia) (Conley et al. 2009). As such, large areas of
the world’s coastal ocean are increasingly uninhabitable to economically relevant marine
species (Diaz and Rosenberg, 2008) and contain nuisance and harmful algal blooms, a
significant concern to public health and infrastructure (Anderson et al. 2002). On the
other hand, too little available P, notably in the oligotrophic open ocean, can constrain
primary production, directly impacting the flow of carbon (C) between the atmosphere
and surface ocean, as well as the attenuation of C with increasing depth (i.e., biological
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carbon pump) (Karl et al. 2001; Lomas et al., 2010a). Understanding the complex
ecological relationships between P and marine plankton is thus essential to more broadly
understanding the significance and impact of several vital socio-economic services
provided from marine ecosystems (e.g., fisheries production; tourism and recreation,
water purification, and carbon sequestration) (Costanza et al. 1997; Barbier 2011).

Of the many controls on plankton productivity (e.g., temperature, light, and
grazing), the relative supply and demand of P (with respect to other essential nutrients
such as nitrogen (N), iron (Fe), and silica (Si)) has long remained a critical focus in
constraining marine biogeochemical cycles (Falkowski et al. 1992; Benitez-Nelson,
2000) (refer to Fig. 1.1 for a general model of the marine P cycle). Phosphorus is
primarily supplied to the marine environment by riverine sources (0.59 – 0.71 moles P x
1012 yr-1) and secondarily through atmospheric deposition (0.02 – 0.05 moles P x 1012 yr1

; Ruttenberg 2003). While much of the riverine load is deposited along continental

margins (0.15 – 0.22 moles P x 1012 yr-1), available P is eventually consumed by
autotrophic and heterotrophic microorganisms and partitioned into particulate organic
and inorganic stores (turnover time (τ) = 2.5 – 4.4 yr (Ruttenberg 2003). This particulate
material undergoes rapid remineralization into either dissolved or smaller particulate
fractions (τ = 16 – 78 d), where it can be recycled within the surface ocean or transported
to depth (z < 300 m) and restricted from biological transformations (τ = 1,502 yr)
(Ruttenberg 2003) ) (refer to Fig. 1.2 for a general model of marine P transformations).
The significant range in each reservoir turnover time, particularly the surface ocean and
biota, reflects regional (geostrophic circulation and atmospheric deposition) and temporal
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(temperate seasonality and mesoscale eddies) differences in physical delivery (Krom et
al. 1991; Karl et al. 2001; van der Zee and Chou, 2005; Mahowald et al. 2008; Lomas et
al. 2010b), as well as the non-steady state balance of uptake and remineralization
between dissolved inorganic, organic, and particulate nutrient phases (Tyrell 1999;
Deutsch and Webber 2012). The latter is ultimately driven by the demand for P by
individual cells, and collectively, by autotrophic and heterotrophic plankton communities.

In marine environments, N has held reign as the chief limiting nutrient on
biological time-scales, supported by a long history of bioassay evidence (Howarth and
Marino, 2006; Elser et al., 2007) and an estimated shorter oceanic residence time than P
(Gruber, 2008). However, instances of P limitation have been found in both oligotrophic
and eutrophic regimes (Fisher et al. 1999; Conley et al. 2002; Karl et al. 2001;
Ammerman et al. 2003; Krom et al. 2004). To further complicate matters, the advent of
molecular and genetic diagnostics (Palenik 2015), as well as sensitive trace metal
analyses, have revealed co- and multi- nutrient limitation involving N, P, Fe, Si, and
array of additional trace metals (e.g., Co and Zn) (Saito et al. 2008). This is strikingly
different from the framework of single nutrient limitation (i.e., Liebig’s Law of
Minimum; deBaar 1994) and has subsequently redefined current perspectives of nutrient
limitation (Moore et al. 2013).

The challenge of constraining nutrient controls on plankton growth is in part due
to the physiological regulation of individual microbes. To accommodate their relative P
demand, microbes possess an array of genetic mechanisms that allow them to adjust their
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cellular allocation (Kornberg et al. 1999; Van Mooy et al., 2009) and acquisition of P
(Dyrhman et al. 2016). For example, phytoplankton can control their rate of access to
inorganic phosphate (Pi) through the production and transition between high and lowaffinity Pi transport systems (Lin et al. 2016). In addition, phylogenetically diverse
microbes possess the ability to utilize dissolved organic P (DOP) through the expression
of compound-specific hydrolytic enzymes (Cembella et al. 1982; Karl and Bjorkman
2002; White et al. 2009). These behaviors are hypothesized to be environmentally
regulated (Dyrhman et al. 2016; Lin et al. 2016), particularly when Pi is scarce (Fu et al.
2005; Casey et al. 2009; Orchard et al. 2010; Bjorkman et al. 2012); although the
expression of DOP hydrolytic enzymes has also been observed under non-P limiting
conditions (Ammerman and Azam 1985, 1991). This later ability dramatically increases
the potential supply of P, such that DOP utilization has become increasingly used to
explain complex trends of P stress, limitation, and co-limitation in the marine
environment (Dyrhman et al. 2012, Luo et al. 2009, Moore et al. 2013). Furthermore,
DOP, as well as particulate organic P, is preferentially remineralized compared to their
respective C and N pools (Clark et al., 1998; Hopkinson et al. 2002; Lønborg et al. 2009;
Talarmin et al. 2016), representing a dynamic and labile component of organic C (Karl
2014; Benner and Amon 2015). Indeed, a major factor preventing our understanding of
the ecological role in which nutrients shape ecosystem dynamics has been the need to
accurately constrain the biologically available supply of a given nutrient.

With respect to P, its bioavailability has been notoriously difficult to define (Karl
and Bjorkman 2002; Lønborg and Álvarez-Salgado 2012; Berggren et al. 2015, Dyhrman

4

2016). The distribution and trends in marine P have been relatively well-established,
including detection at nanomolar concentrations of Pi (Thomson-Bulldis and Karl 1998;
Karl and Bjorkman 2002; Thingstad et al. 2005; Lomas et al. 2010b) and increased
resolution of the composition of each P pool (Sannigrahi et al. 2006; Young and Ingall
2010; Baldwin 2013). Numerous studies have continued to identify a growing number of
microbial species that express DOP hydrolytic enzymes, as well as an increasing
diversity of cellular enzymes (see reviews by Dyhrman 2016 and Lin 2016). The direct
uptake of radionuclide-labeled DOP compounds has been used as an additional means to
examine P availability, as well as resource competition among autotrophic and
heterotrophic communities (Casey et al. 2009; Michelou et al. 2011; Bjorkman et al.
2012). Furthermore, many studies have coupled P uptake and/or enzymatic activity with
physiological stress responses with respect to their environmental conditions (Orchard et
al. 2009; Dyhrman et al. 2012; Mazard et al. 2012). Such ecological and physiological
studies provide insight towards observations of bulk P turnover and cycling (BenitezNelson and Buesseler 1999; Benitez-Nelson and Karl 2001; Letscher and Moore 2015),
the later often using stoichiometric relationships to examine spatial and temporal trends
of P and other nutrients (Downing 1997; Loh and Bauer 2000; Aminot and Kérouel 2004;
Martiny et al. 2013; Talarmin et al. 2016). Over the past several decades, we have learned
much involving the interactions between P and marine microbial communities, yet, there
remains a fundamental inability to quantify the availability of P to these communities.

5

1.2 OBJECTIVES AND RATIONALE
The overall objective of my dissertation research was to examine the biogeochemistry of
phosphorus to gain insight into the availability and supply of P to marine microbes. This
was accomplished at two environment scales, molecular and community, using a variety
of analytical chemistry techniques. The first component (molecular-scale) of this research
(Chapter 2 and 3) assesses the molecular composition of DOP and compares its potential
variability with environmental conditions and particulate P composition (biomolecular
and molecular-bond class). The second component (community-scale) of this research
(Chapter 4) examines the seasonal and tidal variability of water column C, N, and P
stoichiometry within a tidally-dominated estuary. Each chapter’s specific objectives and
rationale are explained below.

The specificity between a compound-specific enzyme and its corresponding DOP
substrate requires an understanding the composition of the DOP pool (see Fig. 1.3;
Dyhrman et al. 2007). Thus, the second chapter of my dissertation focuses on developing
a technique to quantify the molecular composition of DOP. Current methodology limits
the complete assessment of compositional form, comparatively, across the entire DOP
pool (Baldwin 2013; Karl, 2014). This challenge stems from the overlapping chemical
reactivity of unique molecular classes, inevitably forcing the use of operational
definitions and associated uncertainty (Karl and Bjorkman 2002). This requires
overcoming two coupled challenges: the isolation of DOP from seawater and the
uncertainty in analytical measurement bias. Over the past several decades, 31P-NMR
analysis has provided significant insight to P characterization for its ability to provide
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quantitative data that is directly comparable across a suite of bond or biomolecule classes
(Karl and Bjorkman 2002; Cade-Menun 2005; Sannigrahi et al. 2006; Baldwin 2013).
Solution-based 31P-NMR, which can achieve greater spectral resolution while also
requiring less sample material, presents an unexplored opportunity for assessment of
marine DOP (Cade-Menun and Liu, 2014). However, the use of solution 31P-NMR is
precluded by the difficulty of obtaining material quantities required for analysis. Of the
techniques used to concentrate and purify (referenced as “isolation”) dissolved organic
matter (DOM, of which DOP is a component) from seawater, coupled electrodialysis and
reverse-osmosis (ED/RO) has shown promise, but currently has limited application and
insight into the isolation biases. The primary objective of this chapter was the evaluation
of ED/RO as a tool to isolate DOP from seawater. This was accomplished through the
development and testing of a small volume ED/RO system (24 L) using individual
compound-specific experimental isolations, as well as environmental samples collected
from an estuary (North Inlet, South Carolina). Solution 31P-NMR was then used to
evaluate compositional and structural integrity following the isolation process. The
secondary objective of this assessment was to examine the analytical biases to DOP
characterization introduced by solution 31P-NMR.

The third chapter of my dissertation addresses the application of my ED/RO
isolation and solution 31P-NMR technique for DOP characterization. Samples for
compositional analysis were collected from a tidally-dominated estuary (North Inlet,
South Carolina) during high and low tide to assess potential source variability, and twice
per season to assess annual variability. Past assessments of bulk DOP composition have
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employed solid-state 31P-NMR-spectrscopy, which is limited in the overall resolution of
compound classes. This hinders the ability to couple compound-specific enzyme activity
with DOP composition. Thus, the overall objective of this chapter was to present an
updated estimate of the molecular compound classes of DOP using ED/RO and solution
31

P-NMR. A secondary objective of this work was to assess potential variability in DOP

composition with environmental conditions (dissolved and particulate C, N, P) and
particulate P composition (31P-NMR and biomolecule-specific techniques).

The fourth chapter of my dissertation focuses on the ecological stoichiometry
within a tidally-dominated estuary and its relevance to nutrient tidal exchange and
plankton community nutrient status. Estuaries serve a significant role in the
transformation and delivery of material to the coastal ocean (Childers et al. 2002; Tappin
2002; Seitzinger et al. 2010; Statham 2012) directly and indirectly impacting an array of
estuarine ecosystem services (e.g., maintenance of essential fish habitat, water
purification, and natural infrastructure for tourism and recreation) (Barbier et al. 2011).
Plankton communities are integral in mediating the strength of this estuarine filter
through the uptake of essential nutrients and the remineralization of particulate organic
material (Kennish et al. 2014). Stochiometric proxies may provide a means in which to
integrate relationships between nutrient and plankton biogeochemistry into a unifying
tool of comparison for environmental monitoring. The primary objective of this chapter
was to examine the seasonal and tidal variability of water column dissolved inorganic,
dissolved organic, and particulate C, N, and P stoichiometry within an estuarine wetland
(North Inlet, South Carolina). Complementing objectives of this research were two-fold.
First, the evaluation of water column stoichiometry was compared with nutrient tidal flux
8

estimates of the corresponding salt marsh tidal creek basin. This comparison was
undertaken to assess whether ambient or fixed stoichiometric ratios reflect the
stoichiometry of net material exchange. Secondly, two conceptual models were
developed to examine community nutrient status of coastal water bodies. The models
were used to assess different considerations for plankton demand and nutrient supply,
specifically how might dissolved organic nutrient (N and P) availability manifest at the
community scale. The conceptual models and nutrient flux estimates, in turn, provide
insight for how varying assumptions of nutrient availability impact the transformation
and material supply from the estuary to the coastal ocean

9
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Figure 1.1 The marine phosphorus cycle (reprint from Paytan and McLaughlin 2007; appendix A).

Figure 1.2 Transformations of dissolved and particulate phosphorus within the marine
environment (reprint from Karl (2014; appendix A).
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Figure 1.3 Enzymatic pathways and intra- and extra-cellular transformations of phosphorus (reprint
from Dyhrman et al. 2007; appendix A)

CHAPTER 2
ISOLATION AND MOLECULAR CHARACTERIZATION OF
DISSOLVED ORGANIC PHOSPHORUS USING ELECTRODIALYSIS REVERSE OSMOSIS AND SOLUTION 31P-NMR1

2.1 ABSTRACT
The composition of dissolved organic phosphorus (DOP), which directly impacts its
biological and chemical reactivity, remains poorly constrained due to methodological and
operational challenges. A series of compound-specific isolation experiments and bulk
estuarine seawater isolations were conducted to assess the ability of coupled
electrodialysis (ED) and reverse osmosis (RO) to isolate DOP from seawater for
molecular characterization using solution 31P-NMR analysis. These isolations were
carried out using a recently developed small-volume (24 L) ED/RO system. Compoundspecific isolation experiments (n = 7) averaged 64.1 ± 9.2% for final DOP recovery,
while recoveries for estuarine seawater (n = 7) were on average 83.8 ± 10.7%. Nearly
complete mass balance of DOP was observed for the compound-specific isolations (88.1
± 11.2%) with ED responsible for the majority of DOP loss (16 ± 5%). Isolation recovery
was impacted by compound molecular weight rather than charge-to-size ratio. Isolation
bias between bulk dissolved organic carbon and DOP was negligible. Solution 31P-NMR

1

Bell, DW, Pellechia P, Chambers LR, Longo AF, McCabe KM, Ingall ED, Benitez-Nelson CR
(2017) Isolation and molecular characterization of dissolved organic phosphorus using
electrodialysis-reverse osmosis and solution 31P-NMR. Limnol. Oceanogr. Methods, 15: 436–
452. doi:10.1002/lom3.10171. Reprinted here with permission of publisher.
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confirmed that ED/RO isolation does not impact molecular integrity or DOP
composition. In addition, solution 31P-NMR accurately estimated several components
(phosphonomethyl-glycine, D-glucose-6-phosphate, L-α-phosphatidylcholine) of an
artificial complex DOP matrix. However, we suggest further refinements for ED/RO
operation and significant caveats remain for 31P-NMR sample preparation and the
interpretation of 31P-NMR spectra. Hydrolysis from NaOH dissolution was found to
impact the ability to accurately resolve diester composition (ca. 40% underestimation)
and discrimination between terminal and central phosphoanhydride atoms. Nonetheless,
our results describe a viable option for the isolation and molecular characterization of
marine DOP.

2.2 INTRODUCTION
The ecological importance of dissolved organic phosphorus (DOP) is increasingly
acknowledged within the aquatic environment (e.g., see review by Karl, 2014). Yet the
molecular composition of DOP, which directly impacts its biological and chemical
reactivity, remains poorly characterized (Karl and Bjorkman, 2002; Dyhrman et al., 2007;
Robson, 2014). Dissolved organic P has long been recognized as a source of biologically
available P to heterotrophic bacteria and phytoplankton (Harvey, 1940; Chu, 1946) and is
particularly important in ecosystems where absolute and/or relative phosphate
concentrations are low compared to other macronutrients, such as nitrogen (N) (Krom et
al., 1991; Karl et al., 2001; Lomas et al., 2010b). Elucidating temporal and spatial DOP
utilization is challenging as microbes exhibit species-specific kinetic uptake and growth
rates, and unique physiological responses specific to DOP substrate and inorganic
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phosphate accessibility (Dyhrman, 2016). Better understanding of bulk DOP composition
will yield insights into DOP turnover rates (Benitez-Nelson and Buesseler, 1999) and
refine estimations of the impact DOP has on global carbon (C) dynamics (Letscher and
Moore, 2015) and marine food web structure (Behrenfeld et al., 2015; Wells et al., 2015).

Dissolved organic P composition has been explored with numerous analytical
approaches. However, the majority of these approaches are based on operational
definitions that cannot discern between unique molecular classes due to overlapping
reactivities (Karl, 2014). Some techniques establish broad classifications of DOP based
upon molecular weight (MW) (Matsuda and Maruyama, 1985), partial photooxidative
reactivity (Karl and Yanagi, 1997), enzymatic reactivity (Monbet et al., 2009), or a
combination of such techniques (Suzumura et al., 1998). Other methods target specific P
biomolecule classes (nucleotides, nucleic acids, polyphosphates, phospholipids, or
vitamins) through use of fluorometry, chromatography (gas, thin layer, and HPLC), and
mass spectrometry (see reviews by Karl and Bjorkman, 2002; Suzumura, 2005; Baldwin,
2013). Among the analytical approaches to DOP characterization 31P-NMR spectroscopy
is unique, providing quantitative data that is directly comparable across a suite of bond or
biomolecule classes. For these reasons, 31P-NMR spectroscopy has emerged as a key
analytical approach in aquatic P biogeochemical research (Karl and Bjorkman, 2002;
Cade-Menun, 2005; Sannigrahi et al., 2006; Baldwin, 2013). However, a limitation of
31

P-NMR analyses is the requirement of significant quantities or concentrations of DOP.

Obtaining such quantities for analysis often requires a purification and/or concentration
step (referenced as “isolation”) of dissolved organic matter (DOM) from seawater.
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Isolation of DOM has been a significant and long-standing challenge due to low
concentrations (1–3 mg L-1) and high inorganic salt concentrations (20-35 g L-1) in
natural seawater (Mopper et al., 2007).

Commonly used DOM isolation techniques, ultrafiltration (UF, tangential-flow
and cross-flow) and solid-phase extraction (SPE), are not able to quantitatively isolate
DOM from seawater due to isolation biases with respect to molecular size (UF) or
chemical reactivity (SPE) (Minor et al., 2014). Further complications arise from the use
of chemical treatments, particularly with SPE, as they may compromise and bias
molecular structure and DOM composition (Mopper et al., 2007). Coupled electrodialysis
and reverse osmosis (ED/RO) has recently shown promise as an isolation technique for
marine DOM (Koprivnjak et al., 2006). The ED/RO isolation process first removes cation
and anion salts from solution using semi-permeable electrochemical membranes driven
by an electric potential. Reduction in seawater salt content allows RO to concentrate and
retain DOM in solution until the sample reaches a desired volume and salt concentration.
In theory, ED/RO should cause minimal size fractionation because membrane pore-sizes
range between 0.1 – 1 nm, or 1 to 2 orders of magnitude smaller than UF membranes
(American Water Works Association, 1995). A further benefit of this technique is that
DOM is subjected to minor chemical degradation during isolation. Sample pH is
maintained throughout the process, although alkaline treatments (0.01 M NaOH) have
been used to recover a small fraction (ca. 10%) of the DOM that typically adsorbs to RO
membranes (Mopper et al., 2007).
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While assessment and experimental use of ED/RO systems has been primarily
directed towards dissolved organic carbon (DOC) cycling (Koprivnjak et al., 2009; Green
et al., 2014; Chen et al., 2014; Helms et al., 2015; Chambers et al., 2016), no study has
specifically assessed DOP isolation with ED/RO and few studies have attempted to
explore the mechanisms of DOM loss in detail. The compositional similarity of initial
and final seawater DOM samples isolated by ED/RO has also primarily been investigated
using UV-visible spectra and elemental ratios (C/N), which provides indirect evidence of
quantitative recovery of all molecular classes (Minor et al., 2014). Young and Ingall
(2010) reported isolated ED/RO DOP composition using solid-state 31P-NMR, but mass
recovery estimates and integrity were assumed from C and N measurements.
Nonetheless, their solid-state 31P-NMR measurements revealed greater composition
diversity and variability, compared to UF-isolated DOP (Kolowith et al., 2001).

An alternative to solid-state, solution 31P-NMR can also be used to assess DOP
composition and isolation integrity. Solution 31P-NMR is able to achieve greater spectral
resolution, allowing for the identification of specific P containing molecules, while also
requiring less sample material. However, solution 31P-NMR runs the risk of structural
alteration of DOP during extraction and solubilization (Cade-Menun et al., 2005). To
date, the majority of solution 31P-NMR characterizations have focused on soil P
dynamics (Cade-Menun and Liu, 2014) and freshwater dissolved P (Cade-Menun et al.,
2006; Read et al., 2014). In marine settings, solution 31P-NMR has been used to examine
sediment (Ingall et al., 1990; Sundareshwar et al., 2001), sinking particulate OM (Paytan
et al., 2003), and cultured phytoplankton (Cade-Menun and Paytan, 2010), but has yet to
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be used in the characterization of marine DOP. In addition to examining DOP recovery
by ED/RO, samples obtained in this study provided an opportunity to assess the
effectiveness of solution 31P-NMR measurements for examining marine DOP
composition.

The primary objective of this study was the evaluation of ED/RO as a tool to
isolate DOP from seawater. This was accomplished through individual compoundspecific experimental isolations, as well as on environmental samples collected from an
estuary. Selected compounds covered a range of P bond classes, MW, and mass-tocharge ratios. Mechanisms of loss were quantified using bulk P measurements, which
also helped determine appropriate practices for ED/RO system operation and cleaning. In
addition, this study developed and tested a small volume ED/RO system (~24 L), which
is markedly smaller than the large volume (200 L) system of past ED/RO investigations
(Vetter et al., 2007; Green et al., 2014). While our ED/RO system was based upon
previous designs (Young & Ingall, 2010), the goals for this design were to: 1) scale down
the instrument footprint for logistical ease, 2) allow for individual component testing (i.e.,
electrochemical membranes), and 3) minimize cost. Solution 31P-NMR was used to
evaluate compositional and structural integrity following the isolation process. The
secondary objective of this assessment was to examine potential biases to DOP
composition and characterization introduced by solution 31P-NMR. The assessment
further touched on comparisons with DOM isolation studies (Green et al., 2014;
Chambers et al., 2016).
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2.3 MATERIALS AND PROCEDURES
Instrument design
Instrument scale and design was originally addressed in Chambers et al. (2016) and their
provided supplemental material; however, our ED component’s fabrication went through
significant in-house redesign at the Georgia Institute of Technology. The specifications
and fabrication required for our ED/RO system are detailed in the Supplemental Material
(Appendix B). The ED/RO system consists of an ED component, requiring three
associated circulation pathways (ED system) and a RO component, requiring one
circulation pathway (RO system) (Fig. 2.1). The ED/RO system has 6 reservoirs that have
the potential to retain DOM mass following isolation (Fig. 2.1A-F). For basic theory and
design of ED and RO components (Fig. 2.1) please refer to the reviews of Greenlee et al.
(2009), Strathmann et al. (2010), Valero et al. (2011), and Tanaka (2015).

Neosepta AMX and CMX electrochemical membrane (ECM) were selected for
this instrument model. The general pore size of ECMs range between 0.005 and 0.1 m,
roughly corresponding to 200 and 20,000 Da, and may either be homogeneously or
heterogeneously distributed with the shape of the pores also subject to winding (Tanaka,
2015). There is often no specific size cut-off as molecular mobility is also governed by a
solution’s electrical potential, current density, and pH; and a molecule’s individual size,
charge, and functional groups (Choi et al., 2001; Zhang et al., 2010). The ECMs
(specifically, Neosepta CMX) used in this study have been empirically characterized by
Choi et al. (2001) and were found to be roughly 90 MW units. This estimated pore size
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suggests a molecular size that begins to experience restricted mobility and does not imply
complete impermeability for molecules > 90 MW.

ED/RO operation
A complete description of our ED/RO operation is provided within the
Supplemental Material, but is also briefly summarized below. A table of commonly used
abbreviations is provided as a reference (List of Abbreviations). A preliminary cleaning
procedure was completed prior to instrument operation using a combination of NaOH,
HCl, and DIW (18.2 Ω deionized water) solutions. Prior to isolation, the ED/RO system
was conditioned with a small volume of sample water (2 L). Once conditioned, 12 L of
sample and 3 L of DIW were added to the Sample reservoir (Fig. 2.1D). Electrodialysis
was then initiated until the sample reached a threshold conductivity (5 mS). The RO
process was then initiated, with continued ED (i.e., ED/RO) until the sample volume
reached ~800 mL (minimal sample volume for system circulation). Electrodialysis was
then continued until a sample conductivity of ~1 mS was achieved. The sample was then
drained from the ED/RO system and 800 mL DIW was added to the sample tank to
remove any residual material through a short circulation and soaking period. This
solution was then drained and added to our final isolate. Post-isolation cleaning is
described in the following subsection as it pertains to sampling for mass balance
assessment. The operation of our ED/RO system is similar to the ED operation described
by Chambers et al. (2016) with minor differences. Final conductivity was restricted to ~1
mS for this method, compared to ~0.15 mS. Assuming a similar amount of DOM
retained, the RO concentration prescribed in this method results in a similar final
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DOM:salt ratio for a ~7 L sample as the ED-Only method used by Chambers et al.
(2016). Chambers et al. (2016) also found post-isolation cleaning to be acceptable
without HCl rinsing and did not institute a sample dilution prior to ED.

Compound-specific isolation experiments
Compound-specific isolation experiments were conducted to assess mass balance
and recovery, while also investigating compositional integrity of ED/RO isolated material
and subsequent solution 31P-NMR treatment. In order to best assess recovery of DOP
compounds from environmental samples, natural estuarine seawater was chosen as a
diluent for compound-specific isolations. Estuarine seawater was collected from North
Inlet, SC, a relatively pristine, bar-built, salt-marsh estuary, dominated by oceanic tidal
fluxes (Lewitus et al., 1998). Seawater was filtered through a 10.85 inch 0.2 μm cartridge
filter (GE Water Processes and Technologies ®, Flotrex™ FPN921EGV) and stored in
the dark at 4°C in HDPE carboys. Six compounds, representing a range of P-bond
classes, molecular size, and charge-to-mass ratios were selected for individual
experiments (Table 2.1). Selected compounds were identified to represent the major bond
classes observed in marine OP (i.e., phosphonates, phosphoanhydrides, and
phosphoesters (mono- and di-)) (Young and Ingall, 2010; Cade-Menun and Paytan,
2011), with emphasis on biomolecules of interest to marine P cycling (i.e.,
polyphosphate, ATP, nucleic acids, lipids) (Karl et al., 2014). Multiple compounds were
desired for the relative sizes of ‘small’ (GlyP, GluP), ‘medium’ (ATP, LipidP, polyP),
and ‘large’ (RNA) with respect to the observed ECM pore-size (ca. 90 MW) (Table 2.1).
The charge-to-mass ratios were the result of the compound size as the majority of OP
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compounds possess a charge (-1) at seawater pH, but nonetheless provide a limited range.
In retrospect, a polyP compound of a known chain length would have provided more
confidence with our estimation of molecular size and given a second ‘large’ compound.
For each experiment, North Inlet estuarine seawater was spiked with individual DOP
compound(s) to obtain a sample concentration of ~5 μM DOP (~93% of total DOP, when
including initial matrix DOP). An additional isolation experiment was conducted with an
equal addition of all 6 compounds (PMix, Table 2.1) to assess potential integrated biases
involved in isolation and analysis.

Each compound-specific isolation experiment was carried out in the same manner
as the general operating procedure (Appendix B) with significant sample monitoring
performed throughout isolation and cleaning. Total dissolved P and SRP measurements
were made for each sample, while DOC measurements were also made for GluP and
PMix experiments. During the first ED stage, samples were collected from the sample
reservoir (Fig. 2.1D) following initial circulation (~40mS) and then at 30mS, 20mS,
10mS, and 5mS (5mS = ‘ED Only’). During the ED/RO stage, samples were collected at
75%, 50% and 25% of initial sample volume. Samples were also collected before the
final ED stage (‘ED/RO’), after (‘Desalt’), and following the final ED/RO system rinse
(‘Final’). For the concentrate reservoir (Fig. 2.1B), initial and final samples were
collected for each concentrate batch. For the ED component reservoir (Fig. 2.1A), three,
500 mL DIW rinses were performed to assess cleaning efficiency and samples were
collected from each rinse. For the RO component reservoir (Fig. 2.1E), five, ~350 mL
(RO element and housing volume) NaOH (0.1% wt) soaks were performed to assess
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cleaning efficiency. Samples were collected from each soak. The first soak was 8 - 12 h
and each subsequent soak was 1 h. The electrode rinse reservoir (Fig. 2.1C) required an
initial and final sampling, while the permeate reservoir (Fig. 2.1F) required sample
collection following the entirety of its production. To clarify, the ‘Final’ sample consists
of the isolated seawater sample and the immediate DIW rinse of the entire system
following isolation. The ‘Final’ sample does not include any residual material from
further DIW or NaOH cleaning of specific ED/RO components. When necessary,
samples were brought to a neutral pH prior to storage (e.g., NaOH samples). Samples
were stored at -20 °C and run within a month of collection.

Stage-specific (ED Only, ED/RO, Desalt, Final) recovery for TDP, SRP, and
DOP mass was calculated following Eqn. 1 and stage-specific mass balance was
calculated following Eqn. 2. Dissolved organic C stage-specific recovery followed Eqn.
1, but accurate mass balance calculation was not possible due to limited sampling.

1)

2)

Pstage
Pstage + Psampled × (P
)
initial
Recovery (%) =
Pinitial − Pblank

Pstage
Pstage + Σ [Preservoir + Psampled × (P
)]
initial
Mass Balance (%) =
Pinitial − Pblank

The Pstage is the P mass at a given stage (i.e., ED Only), Psampled is the P mass removed
due to sampling prior to the stage of interest, Pinitial is the initial P mass measured at initial
circulation, and Pblank is the system blank performed prior to initial circulation. Sample
removal had significant impact on overall recovery, particularly when highly
concentrated. Therefore, corrections were made to consider stage-specific recovery (Pstage
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/ Pinitial). Mass balance calculations include Pstage and the sum of all residual P masses
measured (at the time of a given stage) within each reservoir (Preservoir). The
aforementioned cleaning soaks (DIW or NaOH) for specific ED/RO reservoirs are thus
only considered in mass balance estimations, not sample recoveries. Propagated error was
calculated for all recoveries and mass balances.

Twelve estuarine samples were collected at slack high and low tide from North
Inlet on six occasions in 2014 and 2015 to assess DOP recovery on natural samples.
Sample processing and storage was completed as described for the compound-specific
experiments. For these samples, the rigorous sampling employed for the compoundspecific experiments was not conducted and thus limited our ability to determine the
mass balance DOP recovery of these samples at different stages of the isolation process.

Solution 31P-NMR analysis
An extensive and thorough review of solution 31P-NMR sample preparation
techniques have been recently conducted by Cade-Menun and Liu (2014). Our sample
preparation generally followed the procedure described by Cade-Menun and Liu (2014);
however, our approach was slightly altered, as these recommendations are specific to
soil-P investigations. Approximately 400 mL of the ‘Final’ isolate (neutral pH) was
lyophilized and then total particulate phosphorus (TPP) and particulate inorganic
phosphorus (PIP) were measured to assess mass loss or conversion during lyophilization.
Isolation by ED/RO reduces paramagnetic ions (Mn, Fe) from seawater making further
extraction unnecessary to optimize our samples for solution 31P-NMR. A subsample of
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lyophilized material (~0.06 g) was dissolved in 600 µL of deuterium oxide (D2O, SigmaAldrich ®) and 150 µL of 10 M NaOH (sample pH > 12) in a 15 mL polypropylene
centrifuge tube (VWR ®). This preparation is slightly different from Cade-Menun
(2015), as it does not include NaOH-EDTA, however it resulted in good solution
viscosity and material solubility, while mimicking the high pH and salt content of the
Cade-Menun (2015) solution 31P-NMR library. To assess homogeneity of this preparation
technique, triplicate PMix 31P-NMR experiments were run. For environmental samples,
sample masses between 0.06 – 0.3 g were used. Dissolved samples were vortexed for ~5
min, then centrifuged for 5 min at 1000 rpm (r = 22.5 cm). Supernatant was aspirated into
a 1.5 mL polypropylene microcentrifuge tube (USA Scientific) and the residual pellet
was frozen for TDP and SRP analysis. With each compound-specific isolate, a standard
was identically prepared with 5x the estimated P mass as the isolate subsample (10 - 15
μmol P). No internal standard was used, as the ED/RO tests and standard comparisons
provide a similar mechanism of chemical shift reference and ED/RO isolates all
contained at least ~5% SRP. Dissolved samples were stored frozen prior to the 31P-NMR
experiment and storage time never exceeded 4 h.

Solution 31P-NMR experiments were performed on a Bruker Avance III-HD 400
MHz using a 5-mm broadband Prodigy© cryoprobe. A 31P radio-frequency pulse width
of 15.4 s (not specifically determined with ED/RO isolates, but with an organic solvent
standard during setup) and an acquisition time of 1.0 s were used for all experiments. The
T1 relaxation times were determined for compound standards using a 30° pulse angle,
then re-run with full relaxation time and 90° pulses. The T1 times ranged from 0.9 to 2.9
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s. The ED/RO isolates used a 90° pulse and relaxation delays were 3 x T1 of their
respective standards, as the North Inlet seawater matrix may have contributed additional,
unknown P. Samples with unknown compositions were run with a 10 s relaxation delay.
Experiments were run for under 30 min (~150 - 450 scans) for compound standards,
ED/RO isolates were run for 2 - 3 h (~1000 - 3000 scans), PMix triplicates were run for
~18 h (~6000 scans), and environmental samples were run for ~ 64 h (>20,000 scans).
Samples were kept at 15°C during the experiment. Spectra were collected with inverse
gated (i.e., NOE suppressed) broadband decoupling and shifts are reported in parts per
million (ppm) compared to an external standard (85% phosphonic acid). Bruker Topsin
3.5 was used for post-processing results. Deconvolution was required for the
phosphoester region (5.5 to 3.0 ppm, Fig. 6) and was completed using Mestrelab MNova
v.10.

Phosphorus and carbon measurements
Colorimetric detection of SRP and TDP was determined using Koroleff (1983)
and a modified Monaghan and Ruttenberg (1999) technique, respectively, on a Beckman
Coulter DU640 spectrophotometer. Sample replicates were taken for ~10% of total
samples collected and averaged 2.4 ± 3.1 %RSD and 4.5 ± 4.8 %RSD (n = 31) for SRP
and TDP, respectively. Analytical triplicates were measured for each sample and the limit
of detection was calculated to be 0.01 ± 0.01 μM for SRP and 0.05 ± 0.03 μM for TDP.
Oxidation efficiency for TDP averaged 97.9 ± 6.0 % (n = 29) for the DOP compounds
used in this study. Dissolved organic P is determined as the difference between TDP and
SRP (DOP = TDP - SRP). Soluble reactive P, mostly representing dissolved inorganic P
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(DIP, orthophosphate), is operationally defined due to the solubility of DOP under acidic
measurement conditions; this allows for potential over-estimation of the DIP pool
(Benitez-Nelson, 2000). While soluble non-reactive P may more accurately represent the
operational nature of the DOP term, this study will use the most common terminology
(SRP and DOP) found in relevant literature. Total particulate P and PIP were measured as
described in Benitez-Nelson et al. (2004). Similar concerns for organic P hydrolysis
during PIP measurement also occur in this method.

We measured DOC using high temperature (720°C) catalytic oxidation (Ptalumina) on a Shimadzu TOC-V CPN analyzer (Benner and Strom, 1993). Standards
were made using ELGA PureLab Ultra (analytical) and D-glucosamine hydrochloride.
Analytical replication (5 injections, 100 μL) of consensus reference material (Florida
Straight at 700 m, DOC-CRM program) were run every 10 samples and produced an
average concentration of 42.1 ± 1.0 μM and a 2.8 ± 1.0 μM detection limit (n = 12).
Triplicates were taken for ~15% of samples and averaged 0.7 ± 0.6 %RSD (n = 6).

2.4 ASSESSMENT
ED/RO isolation
Compound-specific isolation experiments (n = 7) averaged 64.1 ± 9.2% for Final DOP
recovery (Table 2.2). DOP recovery at prior stages, ED Only and ED/RO, were 91.5 ±
8.8% and 75.4 ± 12.0%, respectively (Table 2.2). Soluble reactive P recovery dropped
substantially between the ED and ED/RO phases (75.4 ± 3.7% to 19.7 ± 5.5%) (Table 3).
Comparisons of DOP and SRP recovery with respect to salinity and sampling stage are
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shown in Figure 2.2 and 2.3. Recoveries for GluP DOC were higher at each stage
compared to DOP, while DOC and DOP recoveries in the PMix experiment were the
same within error (Table 2.2). Greater DOC recovery in PMix is likely due to the greater
contribution of natural DOC from the estuarine seawater matrix (~80% of the total initial
DOC), which minimized potential bias from a compound’s size and charge (e.g., GluP).
Summaries for each compound-specific isolation experiment are given in Table 2.1.
During processing, samples experienced an average decrease in pH of 0.5 ± 0.4 (Table 2).
The decrease in pH is due to a water dissociation phenomenon that occurs when the
limiting current density has been exceeded (see Appendix B). This occurred during the
later portion of the isolations when an over-limiting current was necessary for the level of
desired salt reduction and processing time; a simultaneous pH increase in the electrode
rinse was also observed. The direct impacts to the ED process are reduced current
efficiency and potential membrane scaling, but with respect to sample integrity, an
average decrease of 0.5 pH units is unlikely to have a significant impact on recovery and
can be mitigated with manual pH adjustment. On the other hand, a reduced pH may help
retain small humic acids by eliminating the charge of their carboxylic functional groups.

Nearly all the compound-specific isolation experiments maintained DOP mass
balance across the three stages of processing (93.9 ± 8.4% at the ED Only stage to 88.1 ±
11.2% for the Final isolated sample) (Table 2.3). In the polyP, ATP, and GluP
experiments, the concentrate reservoir was not sampled each time the solution was
replaced, which likely resulted in an underestimation of the overall mass balance.
Electrodialysis was responsible for the majority of DOP mass loss, with 14 ± 5% DOP
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detected in the concentrate reservoir during the ED/RO stage, and 1.6 ± 0.8% DOP
detected during the initial ED Only stage (Table 2.4). Sampling of the concentrate
reservoir (low DOP concentration, large volume) likely underestimated the mass balance
and the contribution of DOP loss due to ED. The permeate reservoir recovered 0.9 ±
0.8% of the initial DOP mass, while the electrode rinse reservoir measurements were all
below the detection limit for TDP and SRP (Table 2.4). Prior to cleaning, the single
ED/RO system rinse and soak with DIW recovered 9.7 ± 3.1% of DOP, which is included
in the Final recovery (Table 2.2). All adsorbed P was essentially removed from both ED
and RO components as their final respective cleaning rinses recovered < 0.3% of the
initial DOP mass and represented < 5% of adsorbed P. Overall, cleaning of the ED and
RO components recovered 3.2 ± 0.7% and 3.0 ± 1.3%, respectively, of the initial DOP
mass (Table 2.4). System blanks were consistently below the detection limit for both
DOP (0.04 μM) and DOC (2.8 μM)

Examination of the recoveries in each ED/RO reservoir showed the largest
variations were in the sample and concentrate reservoirs (Table 2.4). This implies the
isolation bias associated with ED was likely related to compound charge and mass. This
was similar to that found by Chambers et al. (2016). Linear regression analyses found a
relationship (α = 0.05; R2 = 0.938) between DOP recovery and MW (Fig. 2.4A). Note
that significance was maintained, regardless of the P units (5 - 15) used to determine the
MW of RNA and polyP in the regression analyses (Table 2.1). In contrast, there was no
significant relationship between DOP recovery and charge-to-mass ratio (Fig. 2.4B) or
between DOP recovery and final salinity (data not shown). Chambers et al. (2016)
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reported a neutrally charged glucose (MW = 180.2) had a 90.2 ± 2.1% (n = 3) recovery,
compared to the negatively charged (-1) glucose 6-phosphate (Table 2.1) recovery of 56.7
± 3.8% (n =1) found by this study (Table 2.2). These differences suggest a potential bias
for charged components of the DOM pool (i.e., DOP). The DOC:DOP ratio increased
from 25.8 ± 0.4 to 38.8 ± 0.8 during the GluP experiment, but not in the PMix (30.8 ± 0.2
to 31.8 ± 0.8) (Table 2.5). The increase in the DOC:DOP ratio of GluP during the
experiment is therefore a reflection of the difference between DOC and DOP observed
recoveries (Table 2.2), as GluP contributes substantially more to the DOP pool than to
DOC. The permeate and RO components had elevated DOC:DOP ratios compared to the
initial sample, which suggests leaching of DOC from the RO element during NaOH
cleaning (Table 2.5).

Isolate integrity
Isolation using ED/RO, lyophilization, and solution 31P-NMR preparation each
present an opportunity for the molecular structure and composition of DOP to undergo
transformation. During sample processing for the 7 compound-specific experiments, the
average difference between the isolated DOP (as a fraction of total P) as determined by
colorimetric and 31P-NMR techniques (Table 2.6) was 2.5 ± 1.8%. This suggests that
lyophilization and dissolution preparation maintained the integrity of the organic P
fraction of the isolated material. Structural changes due to ED/RO isolation were
compared with their respective compound standards (Fig. 2.5A-C). Compounds with high
integrity (no SRP production, peak distribution = standard) were represented by GlyP
(Fig. 2.5A) and ATP. The variable chain length of the polyP compound standard resulted
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in differential peak intensity of end-chain (-4.7 ppm) and central P atoms (-19.8 to -23.3
ppm), but had limited SRP production (Fig. 2.5B). For LipidP (Fig. 2.5C) the spectra
were nearly identical, however the dissolution process leads to diester hydrolysis into two
monoester products. This also occurs with RNA, but to a lesser extent. The GluP (not
shown) compound had overall strong integrity, but with slight SRP production (~3% of
total integrated peak area) and different monoester products (roughly ~10% of total
integrated peak area). While 31P-NMR preparation can lead to transformations within the
OP fraction, our results confirmed that ED/RO isolation and lyophilization maintained
structural integrity. In addition, our preparation technique, which lacks the extraction step
commonly performed in soil organic phosphorus 31P-NMR analyses, retained 94.0 ± 1.3
% of total P (averaged across the compound-specific isolates). Thus, the observed
transformations and peak shifts are predominantly caused by the significant change in pH
(neutral to pH = 12) and high ionic strength (2 M NaOH) of solution 31P-NMR
preparation (Cade Menun, 2015). Isolates prepared for solution 31P-NMR in a similar
manner, but differing in location and initial solute concentrations may reveal a matrix
effect.

To assess the overall accuracy of ED/RO isolation for DOP composition, the
expected contributions of each DOP compound were calculated for the PMix isolate and
compared to the PMix 31P-NMR results (Table 2.7). To calculate the expected
contribution, the observed recovery for each individual compound-specific experiment
(Table 2.2) was applied to the specific compound mass added to the PMix ED/RO
experiment. The expected DOP masses were then corrected for each compound’s 31P-
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NMR peak distribution (data not shown, but distribution can be visualized in Fig. 2.6).
Individual peak intensity was not comparable between PMix and the individual
compound spectra (Fig. 2.6). Identified peaks between the PMix and the standards had
very similar 31P-NMR shifts (roughly +0.09 ppm average for all peaks) (Table 2.7, Fig.
2.6). This suggests that the dissolution matrix (D2O and 10M NaOH) affects 31P-NMR
shifts similarly, allowing compound standards to be used for identification despite the
complex matrix of lyophilized ED/RO material. Our 31P-NMR peak identification was
also compared to the solution 31P-NMR peak library assembled by Cade Menun (2015).
Our study shared 9 chemical reference shifts with the Cade Menun (2015) library and had
a consistent difference in shift of -0.63 ± 0.08 ppm.

The expected versus measured 31P-NMR peak areas were similar (Table 2.7). For
compounds with multiple P atoms or hydrolytic fractionation, peak areas are described as
compound components (i.e., GluP-2) and are further identified based upon the CadeMenun (2015) 31P-NMR library. The GlyP and GluP peak components had expected
contributions within analytical error. The LipidP had two monoester shifts, LipidP-1 (αglycerophosphate), which was the same within error, while LipidP-2 (βglycerophosphate) had a lower (~2.7%) contribution in 31P-NMR. It is notable that the
LipidP degradation products were observed at an α:β ratio of 0.64, similar to the
degradation of phosphatidylcholine in NaOH-EDTA solutions found by Doolette et al.
(2009) (α:β = 0.6). An additional component (L- α –glycerophosphorylcholine) was also
identified for the LipidP compound-specific test at -0.03 ppm (~6%) (Fig. 2.5C). While
our relative 31P-NMR shifts of the lipid degradation products were similar compared to
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Doolette, et al. (2009), the rate of lipid hydrolysis differed. The RNA peaks were
significantly different for the monoester (RNA-1, 11.1% greater in 31P-NMR) and diester
contributions (RNA-2, 6.6% lower in 31P-NMR). Deconvolution for the monoester shift
range accurately estimated GluP components and LipidP-1, but failed to estimate
accurate LipidP-2 and RNA-2 contributions. Given that the total expected contributions
for LipidP-2, RNA-1, and RNA-2 were similar within error to the 31P-NMR contribution
(31.3 ± 2.9% and 33.1 ± 2.4%, respectively), it is likely a combination of underestimation
in peak integration for LipidP-2 leading to an overestimation of RNA-1, as well as a
greater proportion of labile diester chains within PMix that accounts for these differences.
Peak separation for anhydride species could not be determined for ATP and polyP,
however, the combined expected ATP-1 and polyP-1 (terminal phosphoanhydride atoms)
contributions were lower than the 31P-NMR estimate by only ~2.6%. The ATP-2
component (polyphosphate monoester) was reduced by ~2.6% in the 31P-NMR spectra.
While ATP-3 (β-P of ATP) is a distinct triplet in the compound-specific spectra (Fig.
2.6), polyP-2 (centralized phosphoanhydride atoms) covers a wide range of shifts,
representing variable chain lengths, and thus making peak separation impractical.
Furthermore, the combined expected ATP-3 and polyP-2 was reduced by 9.4% in the 31PNMR spectra. Excess contributions of terminal phosphoanhydrides (-4.7 ppm) and
reduced contributions of central phosphoanhydride atoms (-19.8 to -21.4 ppm) may
indicate a greater proportion of terminal, short chain phosphoanhydride atoms, as well as
potential hydrolytic SRP production. Orthophosphate contribution was slightly higher
(~2%) for 31P-NMR.
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Environmental testing
To test the application of this procedure on natural samples, 12 ED/RO isolations
were completed using estuarine seawater from North Inlet. Final recoveries for North
Inlet samples were on average 83.8 ± 10.7% (Table 2.8). Three samples were chosen to
explore the ability and sensitivity of solution 31P-NMR on lyophilized samples with a low
P concentration (1.0 - 5.0 mol P:g mass) (Table 9). Two low tide samples (2/27/15-Low
and 7/17/15-Low) were used to explore seasonal differences and one high tide sample
was used to explore a tidal difference over the same sampling event (7/17/15-High).
Spectra for each sample are given in Fig. 2.7 and DOP composition is provided in Table
10. Monoesters were the dominant bond class for each sample and had nearly identical
peak shifts (3.97 ± 0.02 ppm), mostly corresponding to monophosphates of nucleic acid
derivatives (Cade-Menun, 2015), but ranged between 55.5 – 73.5% of DOP composition.
The diester bond class was the second greatest component ranging from 19.3 – 28.4%,
although its peak shift, likely representing DNA and potentially cyclic 3’5’
monophosphates (Cade-Menun, 2015), was not as consistent as the monoester class (1.13 ± 0.14 ppm). An additional component, identified as pyrophosphate based upon
Cade Menun and Liu (2015), was found at -3.01 ppm representing 4.5% of the DOP
composition of the 2/27/15-Low sample. Phosphonates were only detected in one sample
(7/17/15-Low) and represented 2.2% of the DOP composition (Table 2.9). Triphosphates
(Cade-Menun, 2015) were detected at roughly -4.5 ppm in both low tide samples and
comprised 4.4% and 8.5% of 2/27/15–Low and 7/17/15-Low DOP composition,
respectively. Low tide samples also contained polyphosphate (Cade-Menun, 2015) over a
range of peak shifts (-18 through -23) and at similar contributions, 5.0% and 5.5% of

34

2/27/15-Low and 7/17/15-Low DOP composition, respectively. Considering
triphosphates and polyphosphate within the phosphoanhydride bond class, this
component was ~10% in each low tide sample.

With recent observations and quantification of diester degradation in NaOH
solutions, the proportion of the diester bond class is likely an underestimation (Schneider
et al., 2016). To apply a correction, specific diester degradation products (e.g., α- and βglycerophosphate and mononucleotides) need to be identified within the monoester
region, thus requiring deconvolution. Given our limited data set, the unknowns of
predicable and consistent degradation, and the relative signal-to-noise (S/N), the results
obtained from a deconvolution may yield arbitrary results; although, compound spiking
may alleviate this concern. Biomolecules with orthophosphate diester components (e.g.,
lipids, nucleic acids) are a significant component of marine biomass, however the
unknown rates of active microbial degradation of such compounds present challenges for
a consistent correction (Karl and Bjorkman, 2002). Uncorrected and corrected diester
components, and the resulting changes to the monoester pool, would provide useful upper
and lower bounds of each bond class contribution.

The ability to quantitatively report DOP composition is difficult due the variable
S/N for each sample (Fig. 2.7), which can lead to under or overestimation of potential
phosphoanhydride and phosphonate contributions. Nonetheless, the difference between
orthophosphate contributions (% of total P) derived from 31P-NMR versus colorimetric
SRP was < 5% (Table 2.9) and is similar to the differences found during the compound-
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specific experiments (2.5 ± 1.8%, Table 2.6). The S/N ratio varied due to the difference
in lyophilized concentration, as well as the sample mass (0.06 g - 0.32 g) that could be
dissolved in a small volume (700 μL). Compared to the compound-specific samples, the
preparation technique retained less P (~84% of total P) after dissolution. Further testing
needs to be conducted to determine the appropriate sample load for adequately resolved
spectra.

Limitations and considerations
Despite the potential of coupled ED/RO isolation and 31P-NMR analysis, there are
several limitations and further considerations with this approach. Precision and accuracy
to quantitatively determine DOP composition could not be definitively determined. In
terms of precision, triplicate 31P-NMR experiments of a variable DOP matrix (PMix,
Table 2.7) ranged in %RSD, from as low as 0.7% (GlyP) to as high as 37.3% (RNA-2),
and averaged 10.5 %RSD for all components >2% of DOP composition. Accuracy
ranged with some components within error of an expected contribution (i.e., GlyP, Glu-1)
and others complicated by complex chemical shift spectra and hydrolysis (i.e., polyP and
RNA). The variable MW of RNA and polyP compound standards complicate
interpretations of isolation recovery, hydrolytic degradation, and the resultant
contributions to 31P-NMR spectra (Table 2.7, Fig. 2.6). Compound-specific 31P-NMR
experiments analyzed roughly ~2 µmol P, resulting in the ability to accurately resolve a
~6% contribution, representing 0.12 µmol P (Table 2.7). Spectra resolution for the
environmental 31P-NMR experiments were more complicated and depended on the total
sample mass prepared, as well as the sample mass-to-P ratio. While ~0.3 µmol P
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produced a spectra with several identified peaks (Fig. 2.7A), further assessment needs to
be taken to explore the impact of sample loading and mass-to-P ratio on solution 31PNMR detection and quantification limits. For solid-state 31P-NMR analyses, significantly
more material is required for isolation. Lyophilized environmental ED/RO isolates, which
ranged in P concentration from 1.0 to 4.9 mol g-1, produced solid-state 31P-NMR spectra
with relatively high S/N. Kolowith and Berner (2002) were only able to produce resolved
spectra on shale samples at ~25 μmol P g-1, however, an additional environmental
isolation was conducted using 60 L of seawater (0.11 μM DOP) which yielded a
lyophilized isolate of 8.5 μmol P g-1and provided a resolved spectrum. Isolation time for
the large volume sample was roughly 36 h, which was logistically unreasonable as a
standard procedure. Nevertheless, these experiments suggest that significantly smaller
quantities of P (and thus processed sample volume) than previously assumed can be used
for successful solution 31P-NMR analysis (Baldwin, 2013).

Another consideration for ED/RO isolation is the operational effort per sample
unit. Isolation time for this procedure was roughly 8 h, which excludes system pre- and
post-cleaning. The isolation time for ED/RO is a function of ECM surface area and the
applied pressure across the RO element (rate of permeate production). This study used a
13 ECM-pair stack, where a potential 50 ECM-pair stack would decrease ED time by
~75%, assuming a linear function of ECM surface area and desalination time. Increasing
the RO applied pressure for more rapid concentration is possible (completed with a
higher rated pump head capacity), although it may lead to increased loss through the RO
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component. Specific cleaning procedures could be streamlined as well, following
suggestions from this study, Chambers et al. (2016), and Valero et al. (2006).

The initial capital required for this instrument is reasonable; this study was able to
purchase the majority of materials for ~$6K (Appendix B). This is a significant decrease
in cost from earlier ED/RO systems, which required ~$35K in initial costs (Green et al.,
2014). A commercial ED component (50 ECM pairs) was individually quoted for ~$6K
(Deukem GmbH), allowing greater ED capacity at a reasonable cost upgrade. The ECMs
are suggested to have a lifetime of 3 - 5 yr (Tanaka, 2015), while proper RO element
maintenance can provide a life expectancy of 2 - 5 yr (DOW Filmtec®). Each 15 L
isolation required < $10 in chemicals. The bench-scale ED/RO system is also highly
transportable and can be set up or broken down in < 2 h and only requires 1.5 m2 benchtop. Besides a 110 V outlet, large volumes of relatively clean (i.e. distilled water) are also
needed. With this technique, ~6 L of clean water was required for 1 L of ~25 ‰
seawater.

2.5 DISCUSSION
Determining the various ecological functions of natural DOP requires explicit
structural characterization. Our ED/RO isolation provides a valuable technique to address
environmental DOP composition in a minimally biased, representative manner and
achieved a 64 ± 9% DOP recovery for compound-specific experiments. Small, charged
molecules had approximately 30% lower recoveries compared to high MW, uncharged
components (Table 2.2). We found DOP recoveries for North Inlet estuarine seawater
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samples were considerably higher (84 ± 11%), although isolation recovery experienced
similar variability (Table 2.8). Soluble reactive P was partially retained (16.4 ± 4.2%) for
the compound-specific experiments (Table 2.4). Given that the MW of phosphate is
slightly greater than the estimated ECM pore size (MW = 96 and 90, respectively), it is
hypothesized that SRP, and presumably molecules of similar size (e.g., silicate), have a
reduced separation efficiency at high concentrations of smaller inorganic salts (e.g.,
nitrate, MW = 62) (Zhang et al., 2010). While the fate of non-target solutes (i.e.
phosphate, carbonate, nitrate) has not been a primary focus of past ED/RO investigations,
it is important to establish their retention, particularly for DOP or dissolved organic N,
which cannot be explicitly measured.

Previous studies utilizing ED/RO for environmental DOM isolation (determined
as DOC recovery) have reported comparable recoveries: 76 ± 15%, 75 ± 12%, 59 ± 12%,
66 ± 3%, 67 ± 15%, 76 ± 7%, and 71 ± 7% (respectively, Vetter et al., 2007; Gurtler et
al., 2008 and Koprivnjak et al., 2009; Young and Ingall, 2010; Green et al., 2014; Chen et
al., 2014; Saad et al., 2016; Chambers et al., 2016). Differences in recovery efficiency are
likely impacted by processing methodology (averages given by study), but consistent
variability (also observed with SPE) is largely attributed to the inherent heterogeneity of
DOM composition (Hertkorn et al., 2008; Minor et al., 2014). With respect towards
isolation biases due to molecular structure, Chambers et al. (2016) found overall similar
recovery biases, but found greater bias of select DOC compounds with charge (~30%,
EDTA vs. vitamin B12) than by size (~10%, glucose-6 vs. vitamin B12). Bulk DOC:DOP
ratios were found to be minimally impacted during the isolation process, further
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reflecting minimal isolation biases (Table 2.5). Multiple studies also found minimal
differences in molar C/N ratios in initial unprocessed samples and processed isolates
(Koprivnjak et al., 2009; Green et al., 2014; Chambers et al., 2016). Our assessment has
built upon and reflects existing evidence that ED/RO minimizes DOM isolation biases
from seawater compared to ultrafiltration and SPE techniques (Minor et al., 2014).
However previous assessments have expressed concerns with system blanks, OM transfer
between samples, as well as cost-effectiveness and the time consuming nature of ED/RO
isolation (Minor et al., 2014; Green et al., 2014). Our assessment’s ED/RO system blanks
were routinely measured below detection limit for both DOP (0.04 μM) and DOC (2.8
μM), and OM transfer was negligible following specific cleaning practices. Depending on
stack design, an operational ED/RO unit is estimated at $8-15K, significantly less than
the system used ($34K) by Green et al. (2014), with increasing cost-effectiveness with
increasing usage. Additionally, there are significant improvements that can be considered
for minimizing processing time. From this study’s procedure, an ED stack with 50 ECM
pairs is estimated to desalt ~40 L of seawater in roughly 8 h. For small volumes < 5 L,
just ED isolation should be considered (Saad, et al., 2016; Chambers et al., 2016).
Coupled ED/RO should also be considered when isolating freshwater DOM, as the ED
process effectively removes sulfate and silicate ions (Koprivnjak et al. 2006).

Solution 31P-NMR analysis of isolated DOP compounds and their respective
standard showed ED/RO and subsequent lyophilization does not impact molecular
composition (Fig. 2.5 and 2.6). Solution 31P-NMR preparation also retained 94% of total
P, without biasing the overall DOP contribution (Table 2.6). However, use of a highly
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alkaline solvent skewed the proportion of long-chain polyphosphate to short-chain (Table
8), enhancing the terminal phosphoanhydride signal, and also promoted diester
hydrolysis, enhancing the monoester signal (Table 2.7). These findings may impact the
overall dominance of the monoester class previously found (Paytan et al., 2003; Read et
al., 2014; Bai et al. 2015), as well as potential overestimation of pyrophosphates
(Sundareshwar et al., 2001; Paytan et al., 2003). In response to this challenge, Read et al.
(2014) and Bai et al. (2015) have grouped pyrophosphates and polyP contributions of
each class (Fig. 2.6). As for mitigating diester hydrolysis, Cade-Menun (2015)
recommends limiting exposure time under highly alkaline conditions, during both
preparation and NMR analysis. In doing so, Cade-Menun (2015) found incomplete
diester peak degradation, with the ability to consistently define degradation peaks. The
effects of hydrolysis may be reduced with further focus; however, in complex
environmental samples, distinguishing specific compounds becomes significantly
problematic. It is also imperative to assess the potential OP transformation throughout
each stage of the 31P-NMR process (lyophilization, extraction, and dissolution). Solidstate analyses can also support hydrolysis uncertainties. Cade-Menun (2015) has
established a substantial library of solution 31P-NMR compounds shifts, but further
testing should be completed on a variety of matrixes and P compounds for dissolved,
suspended, and sedimentary OM in estuarine, coastal, and open ocean material.

Efforts to completely characterize the DOP pool are challenged by the variety of
analytical techniques available and the often overlapping, operational definitions of such
techniques make mass balance of the DOP pool currently unattainable (Karl and
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Bjorkman, 2002; Karl, 2014). Solution 31P-NMR is advantageous with respect to these
challenges, however, characterization in this manner is best suited to describe molecular
bonding of P, rather than specific biomolecule components (i.e. phospholipids, ATP,
DNA, RNA, and polyP); 31P-NMR is also difficult for routine analysis. A single sample
experiment can exceed 24 h and equipment is expensive and access limited, and requires
a dedicated operator (Baldwin, 2013). Experimental duration may be reduced with the reintroduction of paramagnetic species (e.g. Fe or Gd), which would shorten T1 relaxation
times. An increase in sample mass allowed with the use of a 10 mm probe may also
reduce experimental time. However, these two potential solutions also present tradeoffs
that may negatively affect instrument sensitivity. The addition of Fe would increase the
“salt” noise relative to the signal and Fe may also bind to P, potentially altering chemical
shifts and quantitation. The 10 mm probe could also result in an increase in salt relative
to target P nuclei, compared to a 5 mm probe, and a greater power demand consequently
increases sample heating, negatively affecting spectra resolution. Sample objectives
should dictate the balance between 31P-NMR run times and desired sensitivity.

Yet, solution 31P-NMR can be valuable for complementary analyses and
development of essential biomolecule measurements. Fluorometric techniques have been
developed for measurement of ATP and other nucleotides (Bjorkman and Karl, 2001),
DNA and RNA (Siuda and Chrost, 2000), and polyP (Diaz and Ingall, 2010). These
techniques benefit from the ability for high sample throughput without the use of
specialized training or equipment, however they are subject to significant matrix
interferences that solution 31P-NMR may help resolve (Baldwin, 2013). Coupling
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solution 31P-NMR with enzymatic techniques could also help establish the total available
diester or monoester components targeted by nucleotideases or alkaline phosphatases. In
similar fashion, 31P-NMR analyses paired with gas chromatographic techniques could
expand our knowledge of phospholipid and phosphonolipid dynamics with respect to the
total P pool (Suzumura, 2005). Analysis using HPLC provides promise for versatile DOP
characterization, with potential for high sample throughput, readily available technology,
and the ability to detect individual or broad suites of compounds depending on
chromatographic separation and detection choices. Similar to solution 31P-NMR, HPLC
requires isolation for aqueous samples (Baldwin, 2013). Therefore, ED/RO (or just ED)
remains a potential isolation option for HPLC and a variety of DOP characterization
techniques; however, future generations of ED and RO systems should focus on
increasing their sample-processing rate. Dissolved organic P characterization may also
benefit from ED/RO isolation as current methodologies that utilize OP extraction from
particulate fractions may now apply such techniques to lyophilized DOP solids (i.e.,
phospholipid or sequential extraction). In any case, research objectives should dictate the
application of solution 31P-NMR, as well as ED/RO isolation, particularly when such
objectives require large sample quantities.

2.6 COMMENTS AND RECOMMENDATIONS
Coupled ED/RO and solution 31P-NMR is primed for further expansion on P
characterization and biogeochemical dynamics. As these techniques continue in use,
refinements to ED/RO isolation and solution 31P-NMR analysis are necessary. The
isolation process would significantly benefit from increasing its sample turnover rate,
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which can be primarily manipulated by ED stack design. Our suggestions for future
development of solution 31P-NMR analysis are as follows: 1) refine an appropriate
dissolution matrix that maintains peak separation, but limits hydrolytic effects to the
phosphodiester and phosphoanhyride classes; 2) determine an ideal solution-to-mass ratio
for optimal OM solubility that maintains the relative proportion of inorganic and organic
P; 3) determine a limit of quantification, with consideration for variable S/N. Knowledge
of analytical detection and quantification limits would also greatly facilitate optimizing
ED/RO isolation procedures.
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Table 2.1 Summary of ED/RO compound-specific isolation experiments
Experiment
ID
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a

Compound

P Bond Class

MWa

Chargeto-Mass

Start
Vol.
(L)

Final
Vol.
(L)

CFb

Start
Sal.

Final %
Δ pH
Sal. Desalt

polyP

sodium polyphosphate
(ACROS, 50813-16-6)

anhydride

803

-0.016

15.00

1.53

9.8

24.88

0.49

99.8

-0.12

ATP

adenosine 5’-triphosphate
disodium salt hydrate
(Sigma-Aldrich, 34369-07-8)

anhydride,
monoester

551

-0.007

15.00

1.42

10.6

24.90

0.32

99.9

-1.21

GluP

D-glucose-6-phosphate
sodium salt
(ACROS, 54010-71-8)

monoester

260

-0.008

15.00

1.52

9.9

25.10

0.49

99.8

-0.02

RNA

Ribonucleic acid
(MP Biomedical, 63231-63-0)

diester

3360

-0.003

15.00

1.29

11.6

25.10

0.34

99.9

-0.77

LipidP

L-α-phosphatidylcholine
(Sigma-Aldrich, 8002-43-5)

diester

768

-0.001

15.00

1.38

10.9

24.93

0.24

99.9

-0.71

GlyP

Phosphonomethyl-glycine
(Sigma-Aldrich 1071-83-6)

phosphonate

169

-0.012

15.00

1.40

10.7

25.01

0.39

99.9

-0.12

PMix

Equal addition of all 6 compounds

979c

-0.008c

15.00

1.35

11.1

24.24

0.39

99.9

-0.36

Molecular weight (MW) of P subcomponent, excluding ion pairs required for compound stability. For compound standards that are a
mixture of molecular masses (polyP, RNA), MW was calculated from the stoichiometry of 10-P based subcomponents, i.e., (PnO3n+1),
(C9.5H11.25O8N3.75P)n, where P=10. LipidP MW was based upon the average fatty acid content provided by the manufacturer.
b
concentration factor = (initial volume / final volume)
c
The size and charge-to-mass of PMix is the weighted average of each DOP compound’s mass contribution to the PMix experiment

Table 2.2 Stage-specific recovery (%) for compound-specific isolation experiments.
ED/RO

ED Only
Test

SRP

DOP

polyP

79.3
(0.2)

ATP

DOC

SRP

DOP

87.8
(1.2)

22.2
(0.2)

77.6
(1.5)

99.1
(0.5)

GluP

69.9
(1.6)

85.7
(1.9)

RNA

75.6
(1.1)

LipidP

Final
SRP

DOP

69.1
(0.6)

22.2
(0.3)

69.6
(0.9)

13.1
(0.6)

78.2
(0.5)

11.8
(0.3)

59.6
(0.4)

19.5
(1.5)

70.4
(5.2)

13.6
(1.0)

56.7
(3.8)

101.6
(1.5)

12.2
(0.2)

87.4
(0.3)

11.9
(2.1)

77.8
(1.5)

72.5
(2.3)

79.6
(1.2)

23.9
(8.9)

72.3
(2.6)

20.6
(7.7)

67.6
(2.4)

GlyP

79.7
(0.9)

86.1
(1.4)

19.5
(1.5)

57.4
(0.5)

16.2
(1.1)

49.9
(0.4)

P-Mix

73.1
(2.4)

100.7
(1.1)

27.3
(1.3)

93.0
(0.7)

18.8
(0.9)

67.5
(0.4)

98.0
(2.4)

102.2
(2.7)

DOC

86.2
(2.1)

88.1
(2.3)

DOC

69.9
(1.7)

67.1
(0.5)

75.4 91.5
19.7 75.4
16.4 64.1
(3.7) (8.8)
(5.5) (12.0)
(4.2) (9.2)
a
Standard deviation (given in parentheses) of the averaged compound-specific mass
recoveries.
Avg.a

46

Table 2.3 Mass balance (%) for compound-specific isolation experiments.
ED Only

ED/RO

Final

Test

DOP

DOP

TDP

DOP

polyPb

86.8
(1.7)

73.4
(1.6)

75.8
(1.2)

83.3
(1.6)

ATPb

99.3
(0.7)

83.7
(0.7)

70.3
(0.5)

77.9
(0.7)

GluPb

88.6
(1.9)

84.0
(3.1)

83.0
(1.4)

79.5
(1.7)

RNA

103.1
(2.4)

96.3
(1.4)

98.4
(1.0)

108.4
(1.4)

LipidP

84.5
(2.5)

81.7
(2.2)

88.2
(1.7)

81.7
(2.2)

GlyP

89.7
(2.0)

76.7
(0.7)

91.8
(0.5)

76.7
(0.7)

P-Mix

105.3
(1.9)

106.3
(1.2)

97.4
(0.6)

95.9
(1.2)

93.9
86.0
86.4
88.1
(8.4)
(11.5) (10.6)
(11.2)
a
Standard deviation (given in parentheses) of the averaged compound-specific mass
balances.
b
Complete sampling of ED concentrate was not performed.
Avg.a
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Table 2.4 Fate (i.e.,% recovery) of SRP and DOP for the compound-specific isolation
experiments.
Instrument Reservoir

SRP

DOP

[A] Sample

16.4 (4.2)

64.1 (9.3)

[B] Concentrate
(ED Phase)

13.9 (3.7)

1.6 (0.8)

[B] Concentrate
(ED/RO Phase)

62 (28)

14 (5)

0

0

[D] ED Unit

1.1 (0.3)

3.2 (0.7)

[E] RO Unit

3.2 (1.4)

3.0 (1.3)

[F] Permeate

4.3 (2.4)

0.9 (0.8)

101.2

87.0

[C] Electrodea

Total
a

Electrode rinse measurements were below detection limit, thus effectively zero.
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Table 2.5 DOC:DOP stoichiometry of two isolation experiments.
ED/RO TEST

GluP

PMix

Initial Sample

25.8 (0.4)

30.8 (0.2)

ED Only

29.3 (0.8)

31.3 (0.8)

ED/RO

31.7 (1.3)

29.5 (0.1)

Final

38.8 (0.8)

31.8 (0.8)

ED Unit

38.3 (0.8)

36.0 (0.7)

RO Unit

130.3 (2.8)

75.3 (1.2)

Permeate

72.8 (79.6)

617.1 (830.8) a

Isolation stage

Residual pool

a

TDP and SRP very close to detection limit.
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Table 2.6 ED/RO compound-specific integrity assessment.
31

Colorimetric
Compound

P-NMR

% DOP

Mass
(mg)

P
(umol)

%
DOP

polyP

93.4 (0.5)

49.4

1.09

95.5

ATP

97.1 (0.8)

57.9

2.15

94.7

GluP

96.2 (0.8)

63.5

2.14

92.3

RNA

97.8 (0.6)

57.8

2.62

97.1

LipidP

94.4 (0.4)

46.2

2.01

100

GlyP

94.7 (0.4)

61.7

1.68

95.0

PMix

94.4 (0.4)

55.4

2.03

91.5
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Table 2.7 Estimated composition of the PMix ED/RO isolate.

PMix ppm

Compound-specific
ppm
16.63

16.45 (0.03)

Bond Class

Compound
Component

Estimated
(%)
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Standard ppm
16.46

phosphonate

GlyP

12.4 (2.0)

13.9 (0.1)

orthophosphate

Residual

5.6 (0.1)

GluP-1

0.4 (0.1)

GluP-2

14.1 (2.3)

12.2 (0.8)

a

5.46 (0.00)

5.45

P-NMR
(%)

8.0 (0.5)d
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5.48

5.31

4.51 (0.00)

4.56, 4.50

4.42

4.34 (0.00)

4.32b

4.30

LipidP-1

5.9 (0.9)

6.0 (0.5)

4.10 (0.02)

4.15

4.04

GluP-3

0.8 (0.3)

1.1 (0.4)

4.01 (0.02)

3.97

3.94

LipidP-2

11.4 (1.8)

8.7 (0.6)

3.94 (0.00)

3.94, 3.76

3.87, 3.66

RNA-1

8.2 (1.3)

19.3 (1.4)

-0.06 (0.04)

-0.08

-0.11, -0.23

diester

RNA-2

11.7 (1.9)

5.1 (1.9)

-4.73 (0.01)

-4.86 (doublet)

-4.97 (doublet)

anhydride

ATP-1

4.9 (0.8)

-4.77, -5.08

-4.65 thru -5.18

polyP-1

3.5 (0.6)

-10.45 (triplet)

-10.48 (doublet)

ATP-2

5.1 (0.8)

-20.20 (triplet)

-20.34 (triplet)

ATP-3

5.1 (0.8)

-10.35 (0.05)
c

-19.76 thru -21.40

monoester

11.0 (0.3)d
2.4 (0.5)

12.4 (1.0)d
-19.867 thru -23.30 -18.96 thru -23.36
polyP-2
16.8 (2.1)
a
Average ppm observed when orthophosphate (residual SRP) was detected in all compound-specific isolations
b
GluP degradation products observed at 4.32 and 4.27 ppm; minimal (<0.5% expected), but likely contributes to 4.34 ppm signal.
c
polyP and ATP overlap due to polyP variety of anhydride chain length
d
Peak separation could not be completed.

Table 2.8 Summary of North Inlet environmental samples
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Date

Tidal
Stage

Start
Vol. (L)

Final
Vol. (L)

CFa

Start
Sal.

Final
Sal.

%
Desalt

DOP
Recovery (%)

2/7/15
2/7/15

High
Low

15.0
15.0

2.05
1.95

7.3
7.7

24.92
21.95

0.42
0.63

99.8
99.6

86.0 (9.0)b
106.1 (10.1)b

Final
Mass
(umol P)
2.6 (0.2)
4.5 (0.3)

2/27/15
2/27/15
4/28/15
4/28/15
5/18/16
5/18/15
7/17/15

High
Low
High
Low
High
Low
High

15.0
15.0
15.0
15.0
15.0
15.0
15.0

1.89
1.88
1.93
2.01
1.89
2.02
1.92

7.9
8.0
7.8
7.5
7.9
7.4
7.8

24.80
17.90
25.55
23.33
25.75
22.56
27.82

0.32
0.34
0.46
0.69
0.50
0.75
0.59

99.8
99.8
99.8
99.6
99.8
99.6
99.7

109.8 (4.5)b
72.6 (3.6)
99.3 (10.9)b
100.4 (6.0)
92.7 (7.8)b
81.2 (5.3)
76.4 (9.9)

1.6 (0.0)
0.8 (0.0)
3.1 (0.1)
6.9 (03)
2.3 (0.1)
5.8 (0.2)
2.4 (0.0)

3.0
2.4
2.7
1.2
1.0
2.3
4.9

7/17/15
8/6/15

Low
High

15.0
15.0

1.94
1.88

7.7
8.0

27.25
26.03

0.71
0.47

99.7
99.8

97.2 (6.3)
77.7 (9.3)

7.9 (0.2)
2.8 (0.1)

3.2
2.6

P:Lyo
(umol P:g)
1.8
1.3

8/6/15
Low
15.0
2.05
7.3
22.12
0.78
99.5
81.2 (8.1)
5.8 (0.1)
3.3
concentration factor = (initial volume / final volume)
b
Calculations include near or below detection limit SRP and/or suspected incomplete initial circulation; not included in averages.
a

Table 2.9 North Inlet DOP Composition.
02/27/15-Low
Bond Class
phosphonate
monoester
diester
pyrophosphate
triphosphate
poylphosphate

ppm

07/17/15-High

% DOP

ppm

% DOP

ppm

% DOP

3.99

66.9

27 to 25.5a
3.95

2.2
55.5

3.97

73.5

-1.19
-3.01
-4.91
-20 to -22a

19.3
4.5
4.4
5.0

-0.97

28.4

-1.23

26.5

-4.57
-18 to -23a

8.5
5.5

SRP

53
a

07/17/15-Low

31

P-NMR

SRP

orthoP (% total)
18.1 (1.2)
22.3 (1.4)
14.3 (0.9)
Integration estimated over shift range; no explicit peak

31

P-NMR

10.1 (0.6)

SRP
13.2 (0.2)

31

P-NMR

17.4 (1.1)

Figure 2.1 ED/RO instrument layout and circulation pathways.
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Figure 2.2 Calculated recovery during ED/RO isolation.
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56
Figure 2.3 DOP (A) and SRP (B) recovery based upon sampling scheme.
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Figure 2.4 Final recovery of SRP (♦) and DOP (□) for each compound specific experiment with respect to molecular
weight (A) and charge-to-mass ratio (B).

Figure 2.5 31P-NMR spectra for GlyP (A), polyP
(B), and LipidP (C).
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59
Figure 2.6 31P-NMR spectra for each compound-specific ED/RO isolation.
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Figure 2.7 31P-NMR spectra for Oyster landing ED/RO isolations.

CHAPTER 3
DISSOLVED ORGANIC PHOSPHORUS COMPOSITION: NEW
INSIGHTS FROM ELECTRODIALYSIS-REVERSE OSMOSIS
ISOLATION AND SOLUTION 31P-NMR2

3.1 ABSTRACT
The supply of phosphorus (P) available to marine plankton communities is fundamental
to the transfer of energy, carbon, and nutrients between and within marine ecosystems.
While dissolved organic P (DOP) has long been recognized as a potential source of P to
heterotrophic bacteria and phytoplankton, the molecular composition of DOP, which
directly impacts its biological and chemical reactivity, remains poorly characterized. The
isolation of DOP from seawater by coupled electrodialysis and reverse-osmosis (ED/RO)
and subsequent analysis by solution 31P- NMR presents an unexplored opportunity for
further insight into DOP molecular composition. Samples for compositional analysis
were collected from a South Carolina tidally-dominated estuary during high and low tide
twice per season. Solution 31P-NMR of DOP revealed that: 1) Distinct monoester and
diester compounds comprise 62% ± 10% and 26% ± 7%, respectively, of estuarine DOP;
2) The phosphonate bond class contains a diverse set of compounds, with a variable
overall presence of total DOP (2% ± 4%); 3) The phosphoanhydride class contains a
greater, and more consistent, proportion of pyrophosphate (7% ± 2%) compared to long-

2

Bell DW, Pellechia P, Ingall EA, Benitez-Nelson CR. To be submitted.
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chain polyphosphate (1% ± 2%); 4) Tri- and di-phosphates (i.e., ATP) are a small and
variable component (1% ± 2%) of DOP. Our novel dataset reveals a more holistic,
complex, and variable view of marine DOP composition across and within P-bond
classes.

3.2 INTRODUCTION
The supply and composition of phosphorus (P) directly impacts the growth and speciation
of marine microbes (Karl 2014). In turn, microbial communities shape the magnitude and
rate of numerous marine biogeochemical cycles, ultimately affecting global climate and
food production (Arrigo 2005; Doney et al. 2012). However, the biologically available
supply of P to marine microbes has been notoriously difficult to define (Karl and
Bjorkman 2002; Dyhrman 2016). This is in part due to the physiological regulation of
individual phytoplankton and heterotrophic bacteria. To accommodate their relative P
demand, phytoplankton can adjust their P acquisition through two predominant
mechanisms. The first mechanism is via metabolic efficiency, in which phytoplankton
control their rate of access to inorganic phosphate (Pi) through the production and use of
both high and low-affinity Pi transport systems (Lin et al. 2016). The second mechanism,
and more relevant to the challenges of constraining the biologically available P pool, is
the utilization of dissolved organic P (DOP) through compound-specific hydrolytic
enzymes (Cembella et al. 1982; Karl and Bjorkman 2002; White et al. 2009). This latter
ability dramatically increases the potential supply of P. As a result, DOP utilization has
become increasingly acknowledged as a mechanism to explain the complex trends of P
stress, limitation, and co-limitation in the marine environment (Dyrhman et al. 2012, Luo
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et al. 2009, Moore et al. 2013), as well the preferential remineralization of particulate and
dissolved organic matter (POM and DOM, respectively; Clark et al. 1998). The
specificity between phosphohydrolases (e.g., 5’ nucleotidease or phosphodiesterase) and
their corresponding DOP substrate(s) (respectively, nucleotides and nucleic acids)
requires a detailed understanding of the molecular composition of the DOP pool.

The DOP pool is composed of several compound classes that include
phosphoesters, phosphonates, and phosphoanhydrides (See review by Karl and
Bjorkman, 2002). Phosphoesters (C-O-P bonding) are the most dominant P bond class
measured in marine seston (Kolowith et al. 2001; Sannigrahi et al. 2005), phytoplankton
cultures (Dhyrman et al. 2009; Cade-Menun and Paytan 2010), and DOP (Clark et al.
1998; Young and Ingall 2010), which mirrors the large phosphoester pool within a typical
cell (e.g., nucleic acids, mononucleotides, sugars, and lipids) (Geider and LaRoche,
2002). Phosphonates (C-P bonding) are a considerably smaller component of DOP
(Young and Ingall, 2010) and exist in cells as functional groups of proteins, lipids, and
saccharides (Repeta et al. 2016; Horsman and Zechel, 2017). Phosphoanhydrides are also
a relatively small proportion of the DOP pool (Young and Ingall, 2010) and are
comprised of a diverse collection of compounds that exhibit an orthophosphate polymer
(P-O-P bond). They include nucleoside di- and tri-phosphates (e.g., ADP and ATP),
polyphosphate, and pyrophosphate, are each integral to various metabolic functions
including energy transfer, storage, and metabolic regulation (Knowles 1980; Kornberg et
al. 1999). While phosphoanhydrides are not necessarily organically bound, they are
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operationally defined within the DOP fraction and also require enzymatic cleavage
processes to access P, similar to other DOP compounds (Dyhrman et al. 2016).

Despite advances in the identification and quantification of these bulk compound
and biomolecule classes (e.g., Van Mooy et al. 2006, Diaz et al. 2008, Pasek et al. 2014;
Repeta et al. 2016; Kujawinski et al. 2017), there remains a significant lack of knowledge
regarding the composition of marine DOP (Karl and Bjorkman 2002; Dyhrman et al.
2016). At present, mass balance of the DOP pool is prevented by the overlapping
compound reactivities inherent to each method of analysis (Baldwin 2013). 31P-NMR
spectroscopy, however, possesses the ability to provide quantitative data that is directly
comparable across a suite of bond classes. For this reason, 31P-NMR techniques continue
to provide insight into P characterization within several fields of environmental
biogeochemistry (Cade-Menun 2005; Simpson et al. 2012).

Nonetheless, a major limitation of DOP-specific 31P-NMR spectroscopy is the
sample mass required for a quantitative analytical signal. The collection of DOP from
seawater (i.e., isolation), and to a greater extent, dissolved organic matter (DOM),
requires concentration and purification from an ionized salt matrix (Mopper et al. 2007).
Kolowith et al. (2001) used ultrafiltration-isolation to establish phosphoesters and
phosphonates as the two dominant classes of bulk DOP composition. Yet the majority of
the pool (specifically, the low-molecular weight fraction) was unavailable for analysis
due to the inherent molecular size bias of ultrafiltration. Since that pioneering work,
DOM isolation has steadily improved over the past decade, most notably from advances
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in sequential phase extraction (SPE) and development of coupled electrodialysis and
reverse osmosis techniques (ED/RO) (Vetter et al. 2007; Dittmar et al. 2008; Repeta et al.
2016). With respect to ED/RO, the isolation procedure has been shown to recover
relatively large amounts of DOC (ca. 68%; Chambers et al. 2016), but equally important
is the technique’s conservation of a sample’s compositional integrity (Koprivnjak et al.
2009, Green et al. 2014, Chambers et al. 2016). Young and Ingall (2010) recently applied
this technique to DOP 31P-NMR characterization, updating current estimations of bulk
DOP composition with the addition of the phosphoanhydride class. Still, both
assessments have employed solid-state 31P-NMR-spectrscopy, which is limited in the
overall resolution of compound classes. This hinders the ability to couple compoundspecific enzyme activity with DOP composition. Solution 31P-NMR, which can achieve
greater spectral resolution while also requiring less sample material, presents an
unexplored opportunity for assessment of marine DOP (Cade-Menun and Liu 2014).

Recently, we assessed a coupled ED/RO isolation and solution-state 31P-NMR
approach (Bell et al. 2017). This work found ED/RO to recover a significant majority
(83.8% ± 10.7%) of the DOP pool with minimal isolation biases, while solution 31P-NMR
allowed the quantification of several additional molecular classes of DOP. In this study,
we present an updated estimate on the molecular compound classes of DOP using ED/RO
and solution 31P-NMR. Samples for compositional analysis were collected from a tidallydominated estuary (North Inlet, South Carolina) during high and low tide to assess
potential source variability, and twice per season to assess annual variability. Additional

65

samples were collected to examine relationships between environmental conditions and
DOP composition. Further assessment of solution 31P-NMR biases was also investigated.

3.3 METHODS
Sample collection
Water was collected at Oyster Landing (OL), a monitoring site within a bar-built,
tidally dominated estuary (North Inlet, Georgetown County, South Carolina). The estuary
sits within the greater North Inlet-Winyah Bay Estuarine Research Reserve, a member
site of the National Estuarine Research Reserve System (NERRS). North Inlet is
minimally impacted by anthropogenic forces and receives relatively low inputs of
freshwater. Daily salinities range between 30 and 34 (Gardner et al. 2006). Sampling
events were conducted twice per season from August 2014 through August 2015 at slack
high and low tide of the same tidal cycle. Sampling was intended to provide 16 unique
samples (n = 2 samples (per tidal cycle) x 2 tidal cycles (per season) x 4 seasons) one
isolation was not be completed (OL2 – Low, 11/19/2014; Table 3.1). Sample water was
collected at 0.5 m below the surface (OL depth = 2 m; mean semi-diurnal tidal range =
1.5 m; Gardner et al. 2006) in acid-rinsed, high-density polyethylene containers. Sample
water for DOP 31P-NMR analysis was immediately filtered through an acid-rinsed 10.85
inch 0.2 μm cartridge filter (Flotrex ™ FPN921EGV; GE Water Processes and
Technologies ®) then stored in the dark at 4 °C until ED/RO processing (1 – 4 days).
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Isolation
A detailed description of the ED/RO isolation process, including instrument
operation and an assessment of P recovery, mass balance, and isolation biases is found in
Bell et al. (2017). Briefly, prior to isolation, ED/RO containers (Appendix C; Fig. C1)
underwent an acidic and/or alkaline cleaning treatment depending on reservoir and
manufacturer suggestions, and then was preconditioned with sample water (2 L). Sample
water (12 L) was added to the ED/RO sample reservoir and then diluted with 3 L of 18.2
Ω deionized water (DIW) to reduce the initial electric potential. Sample isolation began
exclusively with ED until the sample reached a threshold conductivity of 5 mS, at which
the coupled ED/RO process was performed until the sample volume was reduced to ~800
mL (minimal volume for circulation). Electrodialysis was then performed again until
sample conductivity was reduced to 1 mS. The isolated sample was drained from all
ED/RO reservoirs, followed by a circulation and soaking procedure with DIW. Finally,
the residual isolate was drained and added to the initial isolated sample. Alkaline and
acidic post-isolation cleaning procedures followed each isolation.

Recovery estimates of the initial isolate were determined by colorimetric
detection (Beckman Coulter DU640 spectrophotometer) of soluble reactive P (SRP) and
total dissolved P (TDP) using Koroleff (1983) and a modified Monaghan and Ruttenberg
(1999) technique. Soluble reactive P will refer to PO43-, while DOP was determined as
the difference between TDP and SRP (i.e., DOP = TDP - SRP). Sample isolates were
then lyophilized in 35 mL aliquots and dried material was measured for total particulate P
and particulate inorganic P (TPP and PIP, respectively) to assess the concentration and P
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speciation prior to 31P-NMR dissolution. Total particulate P and PIP concentrations were
determined using a modified Aspila et al. (1976) method. Particulate organic P (POP)
was also operationally defined as the difference between total and inorganic fractions
(POP = TPP – PIP).

31P-NMR

analysis

Sample preparation for solution 31P-NMR is described in detail by Bell et al.
(2017) with the following amendments. Lyophilized material (ca. 0.36 g) was dissolved
in 275 μL of deuterium oxide (D2O, Sigma-Aldrich ®), 275 μL NaOH-EDTA (0.25 M
and 0.05 M, respectively), and 275 μL of 10 M NaOH (sample pH > 12) in a 15 mL
polypropylene centrifuge tube (VWR ®). This matrix follows the dissolution procedure
outlined in Cade-Menun (2015). Separate experimental testing (see supplemental
material) also examined potential changes to P speciation under simulated 31P-NMR
experimental conditions and the effect of different material loads on sample dissolution.
Dissolved samples were vortexed for ~2 min, then centrifuged for 5 min at 1500 rpm (r =
22.5 cm). Supernatant was aspirated into a 1.5 mL polypropylene microcentrifuge tube
(USA Scientific) and the residual pellet was diluted with DIW, neutralized, and then
frozen for TDP and SRP analysis. Subsamples (50 μL) of the supernatant were also
collected, diluted, and neutralized for selected samples. Samples were chilled (4 °C) for a
maximum of 2 h prior to the 31P-NMR experiment. The integrity of the isolate was thus
tracked through P measurements in the final ED/RO isolate phase (‘Iso’), after
lyophilization (‘Lyo’), upon immediate re-dissolution prior to 31P-NMR analysis (‘Diss’),
and from the 31P-NMR spectra (‘NMR’).
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Solution 31P-NMR experiments were performed as described by Bell et al. (2017)
on a Bruker Avance III-HD 400 MHz using a 5-mm broadband ProdigyVC cryoprobe.
The T1 relaxation times (0.9 s to 2.9 s) were determined for a series of DOP compound
standards. Samples with unknown compositions were run with a 10 s relaxation delay
(i.e., slightly greater than 3 x maximum T1). Spectra were collected with inverse gated
(i.e., Nuclear Overhauser effect (NOE) suppressed) broadband decoupling and shifts are
reported in parts per million (ppm) compared to an external standard (85% phosphonic
acid). Bruker Topsin 3.5 was used for post-processing results. Deconvolution was
completed using Mestrelab MNova v.10. Experiments were run for roughly 64 h (>
20,000 scans) with temperatures kept at 15°C throughout the experiment.

Previous compound-specific testing (Bell et al. 2017) provided a reference shift
library under similar analytical (i.e., D2O and NaOH) and environmental (i.e., North Inlet
DOM) matrixes, while Cade-Menun (2015) provides an even larger reference shift library
in a matching analytical matrix. The same compounds tested by Bell et al. (2017) and
Cade-Menun (2015) had very similar 31P-NMR shifts, although Bell et al. (2017)
conducted the compound-specific 31P-NMR experiments without a NaOH-EDTA matrix
component (see supplemental material). The orthophosphate shift observed in each
individual spectrum provides an independent reference point between both compound
libraries and each individual sample. Compound classes were classified and integrated
over, or directly at, the following spectra shifts (similar to Cade-Menun 2005):
phosphonate (27 to 23 ppm; Pnate), orthophosphate (~ 5.5 ppm; orthoP),
orthophosphatemonoester-P (5 to 2 ppm; monoP), orthophosphatediester-P (2 to -2 ppm;

69

diP), pyrophosphate (~ -4.3 ppm; pyroP), nucleotide ester-linked P (α group on di- or triphosphate chain; -9 to -11 ppm; nucleoPα); long-chain polyphosphate (-15 to -25 ppm;
polyP).

In many instances, peak heights of specific compounds were difficult to discern
relative to the background. In order to comment on the presence or absence of a given
compound class, the limits of detection and quantification (LOD and LOQ, respectively)
were considered in the following manner. When there was an integrated signal (either
peak or peak range) 3x greater than the signal-to-noise ratio (S/N), it was considered
above the LOD, while a signal 10x the S/N was considered the LOQ. Because of these
considerations, the error associated with each composition class ranged between 2%
(orthoP) to over 50% (Pnate and nucleoPα), the later due to broad peaks that made S/N
inconsistent over a signal integration (error with each measurement is provided in Table
2).

3.4 RESULTS
Isolation and solution 31P-NMR preparation
The average ED/RO isolation recovery of DOP was 90% ± 13% and ranged from 73 to
110% (n = 12; Table 3.1). Recoveries above 100% have high uncertainties due to near or
below detection limits of the dissolved P recovery measurement. The first three samples
(OL1 – High, Low and OL2 – High) used sequential batch processing that produced large
uncertainties with recovery estimates (80 – 160 %) and are thus not included in the
recovery average. The P mass recovered ranged between 1.0 – 9.5 µmol P with
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concentrations of lyophilized material ranging between 1.4 and 16.1 µmol P g-1. Singlebatch isolates (i.e., OL3 – OL8) averaged 2.7 ± 0.7 µmol P g-1. Organic P (OP)
comprised on average 88% ± 5% of the isolated P (‘Iso’, Table 3.1). This percentage of
OP (%OP) was within error of the lyophilized phase (‘Lyo’, Table 3.1) for 12 of 15
isolates and a pair-wise t-test did not find any significant difference between Iso and Lyo
phase P composition (t = -0.371, df = 14 p = 0.717). The sample mass selected for
solution 31P-NMR experiments resulted in incomplete dissolution (see Appendix C),
which led to 65% ± 9% of lyophilized P that was redissolved (‘Diss’ phase) for 31P-NMR
analysis (Table 3.2). However, the %OP quantified in 31P-NMR analysis (‘NMR’ phase)
was within error of the initial isolate’s %OP for 11 of 14 samples (Table 3.1) and when
averaged across phase (Iso, Lyo, Diss, and NMR), %OP variation was consistently low
(average %RSD = 4% ± 2%). Pair-wise t-tests did not find any significant difference
between the NMR phase with either the Iso or Lyo phase (t = 0.397, 1.570; df = 14,13 p =
0.698, 0.140) and there was no evidence of DOP hydrolysis over the course of simulated
experimental conditions (t = 0.691, df = 6, p = 0.516; see Appendix C).

Molecular composition
Compositional analysis using solution 31P-NMR quantified seven compositional
classes of DOP: Pnate, monoP, diP), pyroP, nucleoPα, and polyP (Table 3.2). Example
spectra (OL1 – High and OL7 – Low) are given in Fig. 3.1. In all samples, the monoP
class was the greatest contributor to bulk DOP composition followed by the diP class
with average contributions of 62% ± 10% and 26% ± 7%, respectively (Table 3.2; Fig.
2). MonoP was consistently greater than the diP fraction and their relative proportion
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(D:M) varied between 0.22 and 0.87 (average D:M = 0.4 ± 0.2) (Table 3.2). PyroP was
reliably quantified in each sample comprising 7% ± 2% of DOP (Table 3.2; Fig. 3.2). The
phosphonate class was highly variable, ranging below detection and 11%, and was on
average a minor component of DOP (2% ± 4%) (Table 3.2; Fig. 3.2). The nucleoPα, and
polyP classes were even smaller components of DOP representing 1% ± 2% and 1% ±
2%, respectively (Table 3.2; Fig. 3.2).

Environmental variability
There were no significant differences in DOP composition between tidal stages
(Fig. 3.2), but there was a significant seasonal difference for the Pnate and monoP classes
in the fall compared to each other season, although, the fall samples had nearly 4x the
material analyzed (Table 3.2). This is reflected by the significant inverse correlation
between the P mass analyzed and the monoP class (ρ = -0.621, N = 11, p = 0.041;
Appendix C, Table C3). However, this weak correlation is more likely driven by the
presence of Pnate and nucleoPα. Pnate and nucleoPα were not significantly related to the
P mass analyzed (Appendix C, Table C3), which may be due to the conservative nature
of non-parametric tests as Pnate and nucleoPα were almost exclusively observed with
high P mass analyses (Table 3.2). On the other hand, the percentage of diP quantified was
positively correlated with the organic P percentage, relative to TPP (i.e., % POP), of
suspended sediment samples (ρ = 0.581, N = 14, p = 0.029; Table S3). And while related
to the P mass analyzed during fall samples, monoP and diP fractions consistently
decreased and increased, respectively, from winter to fall (Fig. 3.2).
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3.5 DISCUSSION
Bulk composition
When considered as three bulk classes (phosphoesters, phosphonates, and
phosphonahydrides), our results closely followed the trends of solid-state 31P-NMR
observations by Young and Ingall (2010). Phosphoesters dominated DOP composition
ranging from 83 to 94% in this study, compared to 80 to 85% in Young and Ingall (2010)
(Fig. 3.2). Phosphonates and phosphonahydrides were similar components of DOP,
averaging less than 10% in each study (Fig. 3.2). The respective contributions of
phosphonates and phosphonahydrides continues to be a major difference between ED/RO
and ultrafiltration (UF) isolated DOM (the later termed UDOM). Phosphonates were
significantly larger (ca. 25%), while phosphoanhydrides were not even detectable in
high-molecular weight (HMW) DOP (Clark et al. 1998; Kolowith et al. 2001; Sannigrahi
et al. 2006). In broad terms, the composition of DOP as assessed by coupled ED/RO and
solution 31P-NMR was remarkably similar to past observations with respect to the
overall, relatively invariant bulk composition of DOP, despite significant differences
between environmental regimes (i.e., open ocean, coastal ocean, tidal-estuary) (Fig. 3.2).
However, the use of solution 31P-NMR did allow this study to resolve significantly more
detail within each major bond class.

Phosphoesters
Carbohydrates and amino acids are often incorrectly characterized as P-free by
stoichiometric generalizations (Geider and La Roche 2002), however, phosphorylated
amino acids (e.g., phosphoserine) and sugar phosphates (e.g., ribose-P and glucose-P),
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including derivatives such as nucleotides, are essential metabolic intermediaries (Karl
and Bjorkman 2002, Kujawinski et al. 2017) and likely represent a considerable fraction
of the monoP class. Carbohydrates are consistently observed to dominate the
recognizable components of dissolved organic C (DOC; Benner et al. 1992), ranging
from 20 – 60% in DOM (Pukalski and Benner 1994; Aluwihare et al. 2002) and to an
even greater proportion of extracellular release from phytoplankton (Myklestad 1995;
Biersmith and Benner 1998) and bacteria (Jørgensen 2014). In addition, Sannigrahi et al.
(2006) found the concentration of HMW DOP to be significantly related to both
carbohydrate and amino acid associated particulate organic C, while lacking a significant
relationship with particulate lipid C.

The integrative peak of monoP includes a complex diversity of compounds,
however the cumulative peak shift routinely corresponded with P associated with
monophosphate nucleotides and glycerophosphates (Cade Menun 2015; Bell et al. 2017).
The monoP class is specific to monophosphate nucleotides, as the Pα atom of di- and triphosphate nucleotides share an anhydride bond, resulting in a unique shift for nucleoPα
relative to monoP and pyroP (Fig. 3.1-2). As for di- and tri- phosphate nucleotides,
nucleoPα was a small (1% ± 2%; Fig. 3.2) and inconsistently detected component of
DOP. This is understandable given ATP and GTP are detectable at pM concentrations,
roughly 3 orders of magnitude lower than measurements of bulk DOP concentrations
(Bjorkman and Karl 2005). While solution 31P-NMR allows identification of specific
biomolecular compounds, the highly alkaline conditions required for dissolution likely
affects quantification of both monoP and diP classes (Turner et al. 2003; Doolette et al.
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2009; Cade Menun 2015). Bell et al. (2017) found model diP compounds to produce
significant monoP degradation products. For example, potential RNA hydrolysis ranged
between 30 and 75%, leading to an underestimation of the diP class and an
overestimation of the monoP class.

Nevertheless, while monoP was estimated to be twice the average size of the diP
class (Fig. 3.2), diP linearly increased with an increasing percentage of POP relative to
TPP (Fig 3.3; Appendix C, Table C3). This relationship is reinforced by the broad
observation that POM shapes the composition of DOM (Kujawinski 2011, Benner and
Amon 2015; Thornton 2014) as diP compounds (RNA, DNA, and lipids) are estimated to
comprise the majority of intracellular P biomolecules (Geider and La Roche), POP (6070%; Miyata and Hattori 1986), and HMW-DOM (Suzumura et al. 1998). Furthermore,
Cade Menun and Paytan (2010), using solution 31P-NMR, found similar D:M ratios of
cultured phytoplankton ranging between 0.2 to 0.4, that moved progressively higher from
replete-P, to control, and to deplete-P conditions.

The average diP component (26% ± 7%) measured in this study is considerably
lower than previous measurements of particulate nucleic acids and phospholipids, but
similar to estimates of these dissolved compounds. Karl and Yanagi (1997) measured the
UV-stable portion of the DOP pool to be approximately 30% of total DOP (assumed to
be nucleotides, nucleic acids, and UV-resistant compounds), while measurements of
dissolved DNA and RNA are also consistent with our estimates (8 – 16% DOP; Karl and
Bailiff 1989; Bjorkman and Karl (2001). Phospholipids has been estimated to make up
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between 3 and 34% of POP, while comprising a lower fraction of DOP (0.1 – 17.6%)
(Miyata and Hattori 1986; Suzumura and Ingall 2001; Suzumura and Ingall 2004). In this
study phospholipids were estimated between 4 and 22% of POP, although these
measurements have large uncertainty and the range is driven by changes in POP
concentration, rather than lipid concentration (supplemental material). Considering
previous estimates of dissolved phospholipids (~ 1 to 18%) and nucleic acids (10 – 20%)
that could be susceptible to hydrolysis during our solution 31P-NMR preparation, we
conservatively estimate between 10 and 30%, underrepresentation of the diP class.
Despite the uncertainties using solution 31P-NMR, this technique provides the first direct
estimates of the diP class and demonstrates considerable diversity of phosphodiesters in
seawater (Fig. 3.1).

Phosphoanhydrides
Phosphosphanhydride compounds, particularly polyphosphate, have received
increased attention due to its relatively recent detection in marine POM (Paytan et al.
2003; Martin et al. 2014), sediments (Diaz et al. 2008) and LMW DOP (Young and Ingall
2010). While the estimates of bulk phosphoanhydrides between solid (Young and Ingall
2010) and solution (this study) 31P-NMR analyses are nearly identically, polyP
represented a minor component of DOP, often below the detection limit (1% ± 2%) and
regardless of the amount of P analyzed (Table 3.2; Fig. 3.2). The pyroP class, however,
was consistently detected in all samples (7% ± 2%; Table 3.2; Fig. 3.2). Cade Menun and
Paytan (2010) also found pyroP to be a major portion of cultured phytoplankton P (20%
of non-orthoP classes) and was significantly impacted by P supply. On the other hand,
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polyP only averaged 1% of the non-orthoP classes (Cade Menun and Paytan 2010).
Sample hydrolysis must also be considered for phosphoanhydrides. Bell et al. (2017)
observed polyP and ATP to produce negligible orthoP, however the tested polyP
compound did appear to produce significant levels of pyroP, as this is the spectral shift
for terminal anhydride P atoms (which includes di- and tri-phosphate nucleotides).
Nevertheless, if degraded polyP was a significant component of the pyroP signal, we
argue that it would likely remain above the detection limit in the majority of samples
given the overall consistent contribution of pyroP. Given the relationship between POP
and DOP composition and the consistently small proportion of polyP in phytoplankton
cultures, polyP likely only represents a small portion of DOP (<2%). This may also help
explain the lack of HMW polyP recovered by ultrafiltration. Work by Blake et al. (2005)
has demonstrated the importance of pyrophosphatase and pyroP, sourced from triphosate
nucleotides, in regulating the apparent δ18O signature and rapid turnover of Pi in
seawater. The high activity of pyrophosphatase within a cell and observations from Cade
and Menun (2010) indicate a consistent intracellular pool of pyroP, reinforcing our
consistent pyroP observations in marine DOP.

Terminal P from di- and tri-phosphate mononucleotides (NucleoPγ) could also be
included in the pyroP signal, although this would require associated ester bonded P (i.e,
NucleoPα) in similar or reduced proportions between -9 and -11 ppm (Fig. 3.1-2). This
occurs with several samples (Fig. 3.1A), but the majority of samples do not show this
relationship (Fig. 3.1B; Table 3.2). As mentioned earlier, this could be a detection limit
issue as NucleoPα would have slightly different spectral shifts depending on nucleobase

77

(i.e. GTP vs. ATP) and phosphorylation (i.e., ADP vs. ATP) (Cade Menun 2015). The
contribution of nucleotides to the pyroP signal does seem likely given the physiological
importance of these compounds and our observations within the monoP class.

Phosphonates
The sources and sinks of the Pnate class have become increasingly elucidated
since observation of its significant presence in HMW DOP (Clark et al. 1998). In this
study, Pnate was a minor component of the DOP pool (2% ± 4%), even less than
observations by Young and Ingall (2010) (Table 3.2; Fig. 3.2). An examination of
suspended particulate material detected the Pnate class in only 3 of 12 samples, never
more than 3% of TPP (supplemental material). While several catabolic pathways for the
rapid utilization of Pnates have been established (Dyhrman et al. 2006; Beversdorf et al.
2010; Villarreal-Chi et al. 2012; Sosa et al. 2017), defining its marine sources have
remained a consistent challenge. Phosphonate biosynthesis is now understood to be
common among more primitive marine bacteria (Metcalf and van der Donk et al. 2009;
McGrath et al. 2013; Horsman and Zechel 2017), although it’s metabolism within the
autotrophic community is less well known (Kittredge et al. 1969; Kolowith et al. 2001;
Dyhrman et al. 2009; Cade-Menun and Paytan, 2010). There are some concerns that the
Pnate class was only detected at high concentrations of isolate P (Table 3.2), although the
consistent proportion of pyroP within all spectra and the resolution of particular spectra
(e.g., Fig. 3.1B; OL7 – Low) suggests that phosphonates more likely exist at very low
proportions and achieve variable presence depending on environmental conditions. This
is reinforced by the minor contribution of Pnate to TPP, which more often could not be
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observed. Nonetheless, when quantifiable, the broad peak range of the phosphonate class
demonstrates the diversity of C-P bonded compounds that exist in the marine
environment.

Significance to P biogeochemical cycling
The composition of DOM, and thus DOP, is largely shaped by the production,
decomposition, and assimilation by marine microbes (Kujawinski 2011; Benner and
Amon 2015). The objective of this research was to further characterize DOP to gain
insight into its availability to microbial communities, which ultimately affects the amount
of primary production and organic C sequestered (Lethscher and Moore 2015). As Young
and Ingall (2010) commented, the relative consistency that DOP composition displays
over time and space is remarkable. This comment holds through this study, which has
assessed the large majority (~70 – 90%) of a relatively unbiased pool of DOP (Table 3.1;
Bell et al. 2017). While this study was conducted in a tidally-dominated estuary, roughly
40% of the tidal prism is turned over with each tidal cycle (Kjerfve 1986), thus high tide
in North Inlet should largely represent the near-shore coastal ocean. Even without this
consideration, there were still no significant differences in DOP composition between
high and low tidal stage. Although not an identical environment to North Inlet, Colman et
al. (2005) found the δ18O signature of Pi within the Long Island Sound to be very similar
to the δ18O- Pi signatures in the Atlantic and Pacific oceans. While DOP has a slightly
longer turnover than Pi (Benitez-Nelson and Buesseler 1999), this suggests that
fundamental interactions between microbes and P are strongly conserved across marine
environments, and thus leading to a dynamic equilibrium of marine DOP composition.
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Still, the challenge to link DOP composition with bioavailability persists. Our
results, however, do provide an upper bound to the potential amount of P susceptible to
enzymatic degradation for each class. Enzymatic assays are commonly used to assess
bioavailability (Dyhrman et al. 2016; Lin et al. 2016), as well as DOP composition (Karl
and Bjorkman 2002), although due to the environmental control of enzymatic expression,
these techniques are better utilized as metrics of physiological stress. Our results also
urge a reevaluation for the detection of phosphanhydrides. PyroP appears to be a
significant component of the DOP pool with rapid turnover rates (Blake et al. 2005),
while polyP appears to exist in relative negligible quantities (although this neglects
turnover). While the Pnate class was only a minor component of DOP, its concentration
does not diminish its potential ecological significance, particularly with respect to the
marine methane cycle (Karl et al. 2008). Repeta et al. (2016) calculated that daily
turnover of less than 1% of the measured phosphonate class (~20% HMW DOP) was
required to support the entire atmosphere flux of methane from their study site. Overall,
this dataset reveals a more holistic and complex view of marine DOP composition across
and within P-bond classes and will inform future efforts to constrain biomolecular
components of DOP and collaborations between microbial ecology and environmental
biogoechemistry.
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Table 3.1. Isolation recovery estimates and integrity proxies for each analytical phase.
Recovery
ID
OL1

Date
10/30/2014

mol P g-1

% OP

% OP

% OP

% OP

High

a

-

7.5 (0.5)

10.4 (0.2)

93 (11)

95 (2)

96 (1)

95 (2)

Low

-a

9.5 (0.3)

8.5 (0.2)

91 (5)

94 (3)

94 (2)

6.5 (0.1)

16.1 (0.2)

95 (2)

94 (2)

90 (2)

2.8 (0.2)

1.4 (0.0)

96 (12)

93 (2)

4.9 (0.3)

1.8 (0.0)

93 (8)

88 (1)

-a

OL3

02/07/2015

High

86 (9)b

OL6

OL7

OL8

04/28/2015

05/18/2015

07/17/2015

08/06/2015

NMR

mol P

High

OL5

Diss

% DOP

11/19/2014

02/27/2015

Lyo

Tide

OL2

OL4

Iso

b

Low

106 (10)

High

110 (5)b

2.0 (0.0)

3.7 (0.1)

80 (3)

89 (4)

Low

73 (4)

93 (17)

83 (2)
88 (2)

1.0 (0.0)

3.2 (0.1)

82 (4)

92 (6)

High

99 (11)

b

3.4 (0.1)

2.5 (0.0)

91 (3)

87 (4)

87 (2)

Low

100 (6)

7.8 (0.3)

3.0 (0.2)

88 (6)

84 (8)

85 (2)

High

93 (8)b

2.5 (0.1)

2.1 (0.1)

91 (8)

84 (8)

82 (2)

Low

81 (5)

6.9 (0.2)

3.2 (0.0)

84 (4)

85 (2)

90 (1)

88 (2)

High

76 (10)

2.8 (0.0)

2.0 (0.1)

87 (1)

82 (6)

88 (7)

84 (2)

Low

97 (6)

9.3 (0.2)

3.5 (0.1)

86 (3)

86 (5)

85 (2)

High

78 (9)

3.1 (0.1)

2.5 (0.0)

91 (6)

89 (2)

85 (2)

Low

81 (8)

7.3 (0.1)

2.5 (0.1)

80 (3)

91 (6)

a

84 (7)

94 (10)

82 (2)

92 (2)

Isolation procedure attempted sequential batch processing that produced large
uncertainties with recovery estimates (80 – 160%).
b
Calculations include near or below detection limit SRP and/or suspected incomplete
initial circulation.
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Table 3.2. Composition of dissolved organic phosphorus (DOP) from the North Inlet estuary.

Sample

Pnate

monoP

diP

pyroP

nucleoPα

polyP

27 to 23

5.0 to 2.5

2 to -2

-4.2

-9 to -11

-15 to -25

D:M

ID

Tide

mol P

% diss

%

%

%

%

%

%

OL1

High

2.42 (0.06)

79 (2)

9 (4)

51 (5)

36 (7)

3 (0)

2 (1)

0

0.70

Low

1.95 (0.05)

69 (2)

8 (4)

43 (4)

38 (8)

7 (1)

6 (2)

0

0.87

OL2

High

1.53 (0.04)

62 (2)

11 (6)

52 (5)

27 (5)

6 (1)

4 (1)

0

0.51

OL3

High
Low

0.42 (0.01)

67 (1)

0

63 (6)

22 (4)

8 (1)

0

7 (3)

0.35

High

0.31 (0.01)

66 (3)

2 (1)

73 (7)

14 (3)

9 (1)

0

0

0.20

Low

0.84 (0.05)

72 (5)

0

59 (6)

27 (5)

7 (1)

0

0

0.46

High

0

70 (7)

22 (4)

9 (1)

0

0

0.31

Low

0

63 (6)

27 (5)

6 (1)

5 (2)

0

0.42

OL4
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OL5

OL6

OL7

OL8

High

0.55 (0.04)

72 (6)

0

76 (8)

17 (3)

7 (1)

0

0

0.22

Low

0.73 (0.01)

63 (1)

0

70 (7)

24 (5)

3 (1)

0

0

0.34

High

0.38 (0.02)

55 (4)

0

52 (5)

39 (8)

5 (1)

1 (1)

2 (1)

0.73

Low

0.66 (0.04)

52 (4)

0

70 (7)

23 (5)

5 (1)

0

2 (1)

0.33

0

64 (6)

25 (5)

11 (2)

0

0

0.39

0

66 (7)

25 (5)

7 (1)

0

0

0.37

High
Low

0.60 (0.04)

55 (5)
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Figure 3.1 Example 31P-NMR spectra for two North Inlet samples.
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Figure 3.2 Class averaged contributions to DOP composition.

Figure 3.3 Relationship between the relative percentages of diesters
and particulate organic phosphorus.
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CHAPTER 4
TEMPORAL VARIABILITY IN ECOLOGICAL STOICHIOMETRY
AND MATERIAL EXCHANGE IN A TIDALLY-DOMINATED
ESTUARY (NORTH INLET, SOUTH CAROLINA) AND THE IMPACT
ON COMMUNITY NUTRIENT STATUS3

4.1 ABSTRACT
The seasonal and tidal variability of water column carbon (C), nitrogen (N), and
phosphorus (P) stoichiometry was examined within a tidally-dominated, bar-built estuary
(North Inlet, South Carolina). Water chemistry samples were collected and analyzed over
complete tidal cycles, every 20 days between August, 2014 and August, 2015. While
environmental conditions and nutrient concentrations were influenced by seasonal and
tidal factors, dissolved and particulate stoichiometry was largely under the influence of
seasonal forcing. Dissolved organic and suspended particulate material displayed a
seasonal cycle of nutrient-poor stoichiometry (i.e. low N relative to C, and low P relative
to N) in the winter, while transitioning into relatively nutrient-rich relationships during
the summer. Dissolved inorganic nutrients were relatively P-poor during the spring and
P-rich during the fall. Stoichiometric patterns were then compared with tidal nutrient flux

3

Bell DW, Denham S, Smith EM, Benitez-Nelson CR. Under revision with Estuaries and
Coasts.
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estimates derived from storage curve models, and utilized in two conceptual models
designed to assess community nutrient status. Flux estimates complemented seasonal
patterns of water column stoichiometry, however fixed stoichiometry of ambient
elemental fractions did not represent relative flux stoichiometry. Modeled community
nutrient status was significantly impacted by the respective assumptions of particulate
demand stoichiometry and bioavailability of total nutrient supply. The consistent nitrogen
deficiency in North Inlet reflected the relative seasonal delivery of nutrient material into
and out of a salt marsh ecosystem. This assessment shows that stoichiometry can provide
a routine method of comparison and monitoring environmental biogeochemistry,
essential to understanding the interactions between marine ecosystems (e.g., nutrient
delivery to the coastal and open ocean).

4.2 INTRODUCTION
At the interface of terrestrial, freshwater, and marine systems, estuaries serve a
significant role in the transformation and delivery of nutrients and carbon (C) to the
coastal ocean (Childers et al. 2002; Tappin 2002; Seitzinger et al. 2010; Statham 2012).
Extensive efforts have been made towards quantifying the delivery, retention, and
processing of material entering the coastal zone (Gordon et al. 1996; Tappin et al. 2002;
Seitzinger et al. 2005). For estuaries along the eastern U.S., an estimated 60% of organic
C is exported to the shelf (3.4 Tg C yr-1) with the remaining C remineralized or buried
within estuary boundaries (Hermann et al. 2015). However, certain coastal systems (i.e.,
tidal wetlands) disproportionately contribute to C export relative to their drainage area
(Dame et al. 2000; Hermann et al. 2015). This highlights the heterogeneity of the
coastline’s hydrology and geomorphology (Dame et al. 2000; Durr et al. 2011; Jickells et
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al. 2014), and the intensity of biogeochemical cycling within non-riverine dominated
estuaries versus riverine dominated systems. The strength of these ‘estuarine filters’ is of
considerable importance for considering global ocean biogeochemical cycles of C,
nitrogen (N), and phosphorus (P) (Sharples et al. 2017) while also directly and indirectly
impacting an array of estuarine ecosystem services (e.g., maintenance of essential fish
habitat, water purification, and natural infrastructure for tourism and recreation) (Barbier
et al. 2011).

Estuarine biogeochemistry is continuously modified by numerous anthropogenic
and climatic drivers (Scavia et al. 2002; Rabalais et al. 2009, Kennish, et al. 2014).
Quantifying the natural variability resulting from such complex forcing is therefore
essential for constraining material exchange across the land-ocean aquatic continuum and
for developing baselines for environmental monitoring, restoration, and resource
management (Pinckney et al. 2001; Borja et al. 2013; Duarte et al. 2009). As a result,
developing unifying tools of comparison between estuarine environments that experience
significant heterogeneity of localized settings (e.g., bathymetry, physical flushing,
sedimentation, autotrophic, heterotrophic communities, temperature, salinity), are critical
(Dame et al. 2000). We argue that stoichiometric proxies can provide a mechanism for
distilling overlapping, complex physical and biogeochemical signals.

Stoichiometric relationships of C, N, and P have been used to develop proxies for
environmental assessments (Gruber and Sarmiento 1997; Borja et al. 2013) and resource
management (Conley et al. 2009; Glibert 2012), as well as provide improved trophic
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(Ulanowicz and Baird 1999; Hessen et al. 2013) and biogeochemical models of marine
ecosystems (Christian 2005; Flynn 2010). Within marine environments, the use of
ecological stoichiometry has helped identify a mechanistic understanding of the
relationships between dissolved nutrients and planktonic C:N:P ratios (Redfield 1958;
Karl et al. 2001; Arrigo 2005), the preferential remineralization of sinking particles
(Christian et al. 1997; c.f. Boyd and Trull 2007) and dissolved organic matter (DOM)
(Clark et al. 1998; Hopkinson et al. 2002), and global patterns in nutrient availability
(Falkowski et al. 1998; Moore et al. 2013) and nitrogen (N2) fixation (Tyrell 1999; Mills
and Arrigo 2010). However, the application of nutrient stoichiometric relationships,
either in ecosystem assessment or biogeochemical modeling, must include some
consideration of spatiotemporal variability (Geider and LaRoche 2002; Klausmeier et al.
2004). While interest in spatiotemporal variability of dissolved and particulate
stoichiometry is increasing, assessments to date have primarily focused on open and
coastal ocean environments (Sterner et al. 2008; Frigstad et al. 2011; Martiny et al. 2013;
Singh et al. 2015; Talarmin et al. 2016).

The primary objective of this study was to examine the seasonal and tidal
variability of water column dissolved inorganic, dissolved organic, and particulate C, N,
and P stoichiometry, specifically within an estuarine wetland. Complementing objectives
of this research were two-fold. First, the evaluation of water column stoichiometry was
compared with nutrient tidal flux estimates of a corresponding salt marsh tidal creek
basin. This comparison was undertaken to assess whether ambient or fixed stoichiometric
ratios reflect the stoichiometry of net material exchange. Secondly, following
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stoichiometric assessment, two conceptual models were modified to examine community
nutrient status of coastal water bodies.

North Inlet (NI; Georgetown County, South Carolina; Fig. 1), a bar-built, tidally
dominated estuary presents an ideal site to examine the natural variability of C, N, and P
stoichiometry of an estuarine system. North Inlet has been well studied from multiple
perspectives, is relatively absent from anthropogenic forcing, and has a long history of
biogeochemical research (Allen and Barker 1990; Dame et al. 1991; Morris et al. 2002;
Cai et al. 2003). In addition, NI is a component of the National Estuarine Research
Reserve System (NERRS), a network of 29 sites throughout the nation and Puerto Rico
focused on research, education, and coastal stewardship. As part of this network, each
reserve participates in the NERRS System-Wide Monitoring Program (SWMP) to collect
high-frequency meteorological and water quality data using standardized instrumentation
and protocols. Collectively, the NERR SWMP allows this study to address multiple
temporal components of nutrient stoichiometry, while also providing a historical
background of environmental conditions.

4.3 MATERIALS AND METHODS
Study Area
North Inlet’s spatial extent covers 32 km2 of salt marsh and interconnected tidal creeks,
although the watershed and wetlands extends the total area to approximately 94 km2
(Buzzelli et al. 2004). Marsh vegetation is dominated by Spartina alterniflora, while
Salicornia and Juncus border the marsh’s northwestern edge at higher elevation. With
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increasing elevation the marsh transitions into forested, relict beach ridge terrain (Dame
and Gardner 1993). Creek depths range between 3 – 8 m and experience a mean semidiurnal tidal range of 1.5 m (Gardner et al. 2006). Hydrodynamic turnover is relatively
short (15 h) (Kjerfve 1986), although incomplete mixing, characteristic of shallow coastal
lagoons, maintains effectively longer residence times of biogeochemical constituents
(Kjerfve and Magill 1989). Freshwater input (1 – 5 m3 s-1) is minimal and exchange with
the adjacent riverine-dominated estuary (Winyah Bay) is limited, resulting in average
daily salinities ranging from 30 to 34 (Gardner et al. 2006). Periods of intense rainfall and
subsequent swamp drainage can reduce salinity to almost 4 (Gardner et al. 2006).

Within NI, Oyster Landing (OL; 33° 20’58’’ N, 79° 11’34’’ W) was selected as
our study site (Fig. 2.1). This location was established in 1994 as one of five long-term
SWMP monitoring sites maintained by the North Inlet – Winyah Bay NERR. At 20-day
intervals real-time meteorological and water quality data are collected at OL and grab
sampling is conducted over a complete tidal cycle for water chemistry and chlorophyll a.
Oyster Landing is located near the western, upland edge of the North Inlet basin, at the
confluence of two first order tidal creeks: the upper reaches of Crab Haul Creek which
predominately drains Spartina alterniflora marsh and a much smaller un-named creek
that drains forested uplands and wetlands. Crab Haul Creek drains into Town Creek, one
of three major creeks that connect to the ocean inlet, roughly 300 m southeast (Fig. 2.1).
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Sampling
The study period occurred from August 31, 2014 through August 6, 2015. The
SWMP 20-day monitoring program allowed for a total of 18 sampling events. The 20-day
interval was originally developed to avoid sampling bias of spring and neap tidal
periodicity over an annual cycle (Hutchinson and Sklar 1993). Water chemistry samples
were collected for nitrite (NO2-), nitrate (NO3-), ammonium (NH4+), orthophosphate
(PO43-), and for total dissolved nitrogen (TDN), dissolved organic carbon (DOC), and
chlorophyll a. Samples were collected at 0.5 m below the water surface every 2 h and 4
min over a complete semi-diurnal tidal cycle using an ISCO 3600 (Teledyne ISCO, Inc.)
automated sampler (NERRS 2017a). This periodicity resulted in 13 individual sampling
points, beginning and ending on predicted slack low tides, with two additional samples
collected at the final time point that were used to assess variability. Additional samples
were collected in conjunction with the SWMP 20-day monitoring program twice each
astronomical season (i.e., ‘bi-seasonal’ sampling events) for total dissolved phosphorus
(TDP), particulate carbon (PC), particulate nitrogen (PN), particulate phosphorus (PP;
organic and inorganic, POP and PIP, respectively). Bi-seasonal sampling events also
included collection for diagnostic photopigments to investigate changes in phytoplankton
community structure. The sampling structure for each nutrient species is given in Table
D1 (Appendix D). Water quality monitoring data were also continuously collected every
15 minutes at OL for specific conductivity, salinity, dissolved oxygen, water temperature,
pH, and turbidity with a YSI EXO2 data sonde (Xylem, Inc.) at a depth of 0.5 m above
the sediment surface (NERRS, 2017b). All meteorological and water quality data are
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publically available through the NERRS’s Central Data Management Office (CDMO;
http://cdmo.baruch.sc.edu/; accessed December 2016)
Following an automated sampling event, samples were returned to the Belle W.
Baruch Marine Field Laboratory (BMFL) for processing. Samples for PC, PN, and PP
were collected onto acid-washed, pre-combusted GF/F filters (0.7 μm nominal pore size,
Whatman). Aliquots from the filtrate were collected for each dissolved inorganic nutrient,
TDN, TDP, and DOC. Individual samples were collected for chlorophyll a and
photopigments onto non-combusted GF/F filters and stored immediately at -20 °C and 80 °C, respectively. Depending on the delay between sample processing and analysis,
dissolved inorganic nutrients were either frozen at -20 °C (storage length = 2 - 28 d) or
stored at 4 °C (storage length = 24 – 48 h), while DOC samples were acidified (pH of 2)
and stored at 4 °C until analysis. Particulate filters for C, N, and P were immediately
dried at < 50 °C and then stored at room temperature prior to analysis.

Nutrient and photosynthetic pigment analyses
Colorimetric determination of dissolved inorganic nutrients (NO2-, NO3-, PO43-,
NH4+) and TDN was conducted using an AutoAnalyzer (TechniCon Systems, Inc.). Each
nutrient was measured in triplicate following TechniCon procedures (158-71 W/B, 15571W, and Glibert and Loder 1977, respectively), while TDN received an additional
persulfate-oxidation step prior to analysis (Glibert and Loder 1977). Dissolved organic C
was measured using high temperature (720°C) catalytic oxidation (Pt-alumina) on a
Shimadzu TOC-V CPN analyzer (Benner and Strom 1993). Analytical replication (5
injections, 100 μL) of consensus reference material (Florida Straight at 700 m, DOC-
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CRM program) was run every 10 samples. Chlorophyll a samples were extracted in 90%
acetone and determined on a Trilogy fluorometer (Turner Designs) (Welschmeyer 1994).
The preceding analyses were conducted at BMFL and detailed procedures can be found
online through CDMO’s website (http://cdmo.baruch.sc.edu/).

Remaining samples for TDP, PC, PN, PP, and photosynthetic pigments were
returned to the University of South Carolina for analysis. Colorimetric detection of TDP
was determined using a modified Monaghan and Ruttenberg (1999) technique with
analytical triplicates on a Beckman Coulter DU640 spectrophotometer. Particulate C and
N were analyzed on a Perkin Elmer 2400 Elemental Analyzer following Thunell et al.
(2000). Total particulate P (PP) and PIP concentrations were determined using a modified
Aspila et al. (1976) method. Triplicate filter blanks were performed for PC, PN, PP, and
PIP and analytical duplicates were run every 10 samples. Photosynthetic pigments were
analyzed on a Shimadzu HPLC (LC10-AT) and processed as described by Pinckney et al.
(1996).

This study will use the following terminology when discussing specific C, N, and
P measurements. Dissolved organic N (DON) was determined as the difference between
TDN and dissolved inorganic N (DIN = NO2- + NO3- + NH4+) (i.e., DON = TDN – DIN)
and N+N refers to the collective measurement of NO2- and NO3-. Soluble reactive P
(SRP) will refer to PO43-, while dissolved organic P (DOP) is determined as the
difference between TDP and SRP (i.e., DOP = TDP - SRP). Note that these terms are
operationally defined, thus each specific analytical condition may lead to over- or under-

94

estimation (e.g., DOP solubility overestimates SRP under acidic measurement conditions)
(Benitez-Nelson 2000). This is also the case for particulate organic fractions of C, N, and
P (respectively, POC, PON, and POP), which may be more appropriately termed as acidinsoluble fractions of C, N, and P. The analytical conditions thus make standardized
stoichiometric comparisons difficult between inorganic and organic particulate fractions
of C, N, and P, the later collectively termed suspended particulate material (SPM). For
example, mineral P (e.g., iron hydroxide-P) and stored, cellular SRP are both determined
as inorganic phases under the Aspila et al. (1976) method, yet their relationship to
organic C is meaningfully different. This is reflected in analyses for particulate inorganic
(i.e., HCl-soluble) C and N that were on average 8.9% and 5.1% of PC and PN,
respectively (n = 14), which was comparable or less than the error associated with
triplicate sample replication of C and N, respectively, 6.6% and 14.7% (n = 7). In
contrast, particulate inorganic P (PIP = PP – POP) was on average 61.4% of PP (n =
104), ranging from 18.3% to 100%.

Community Nutrient Status Model
Using the SWMP water chemistry and stoichiometry data, two different models
for assessing community nutrient status were developed. Each model represents the
relative in situ supply of dissolved N and P with an estimated particulate demand for N
and P under increasing biomass conditions (i.e., a proxy for elevated growth rates). The
model form was inspired from the Gruber and Sarmiento (1997) N* tracer, while
assumptions were motivated by the bulk stoichiometric relationships described by
Redfield (1958) or by the recognition of bioavailable DOM and organic SPM
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components (Lonborg and Alvarez-Salgado 2012; Berggren et al. 2015). As such, the
Redfield Model (NPQ) and the ‘Bioavailable’ Model (BANPQ) defined community
nutrient status using the following relationships:
(1)
(2)

𝑁𝑃𝑄 = 𝐷𝐼𝑁 − 𝑆𝑅𝑃 ∗ (𝑃𝑁: 𝑃𝑃𝑃𝐷 )

𝐵𝐴𝑁𝑃𝑄 = 𝐵𝐴𝑁 − 𝐵𝐴𝑃 ∗ (𝑃𝑁: 𝑃𝑂𝑃𝑃𝐷 )

The Redfield Model (Eq. 1) considers the SPM demand to be the total N relative
to total P (i.e., PN:PPPD; PD refers to the ‘particle demand’) and only considers DIN and
SRP as the available nutrient sources. The Bioavailable Model (Eq. 2) assumes that the
total N relative to organic P (i.e., PN:POPPD) is more reflective of living biomass given
the potential contribution of adsorbed mineral P to total PP (Ruttenberg et al. 1992;
Sanudo-Wilhelmy et al. 2004), while also including biologically available DON and DOP
as nutrient sources (termed BAN and BAP, respectively). The percent of available DON
(35%) and DOP (70%) was derived from Lonborg and Alvarez-Salgado’s (2012) review,
(e.g., BAN = DIN + 0.35 * DON). The particulate demand (i.e., PD) was quantified as
the mean N:P ratio of SPM for associated samples within the highest chlorophyll a
concentration quartile (i.e. 4th quartile). When NPQ or BANPQ < 0, the supply of available
P is greater than the relative amount of available N with respect to the particulate
demand, thus the suspended autotrophic biomass can be considered to be N-deficient.
The biomass is considered P-deficient when NPQ or BANPQ > 0. Co-N/P limitation is
more likely predominant around a mean of zero.
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Nutrient Tidal Flux
In order to determine a nutrient flux, water discharge must first be evaluated. A
hypsometric storage curve model of Crab Haul Creek basin was applied to calculate
changes in basin water volume over a tidal cycle using tidal height observations.
Hypsometric storage curves derived from the static model of Boon (1975) have been
applied in several tidal marsh basins (e.g., Woodroffe 1985; Lawrence et al. 2004)
including NI (Miller and Gardner 1981; Gardner et al. 2006; Gardner and Kjerfve 2006).
This study utilized the approach taken by Gardner et al. (2006) for their storage curve of
the Crab Haul Creek. Their storage curve was modeled using a logarithmic power
regression determined for both flood and ebb stages with the following form:
(3)

log 𝑉 = 𝑏 + 𝑚 log(𝑇𝐻𝑁𝑂𝐴𝐴 + 1.0)

where V (m3) is the basin volume and THNOAA (m) is the verified tidal height (mean lower
low water) obtained from the NOAA/NWLON tide gauge at OL (Station #8662245) (see
Appendix D Fig. D.1 for an example tidal curve). The regression intercept (b) and slope
coefficients (m) are a composite of both ebb and flood stage measurements as the
regression parameters were not significantly different between ebb and flood stage data
(Gardner et al. 2006). Prior to the NOAA tidal gauge installation, Gardner and Kjerfve
(2006) relied on hindcasted tidal heights from Charleston Harbor, which resulted in a
significant ebb bias. A major advantage of this study is the availability of NOAA-verified
tidal height measurements over our complete data set.

Following discharge estimates, nutrient fluxes were calculated in the following
manner. The difference in basin water volume (Eq. 3) between each SWMP sample time-
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point was multiplied by their respective nutrient measurement(s) to obtain the mass of
each nutrient discharged over a designated period (i.e., mmol NH4+). Mass estimates were
summed and then divided by the total length of the tidal cycle to determine a flux average
(i.e., mmol NH4+ s-1). The periodicity of THNOAA observations (6-min) allowed basin
volume to be calculated within 3-minutes of each SWMP time-point and also effectively
captured high and low slack tides. Trapezoidal interpolations (average of consecutive
nutrient concentrations) were applied when consecutive SWMP time-points were within
the same tidal stage. Triangular interpolations (single point nutrient concentrations) were
applied for measurements at each tidal stage transition, unless a SWMP measurement
was > 90 min from a tidal stage transition. In those cases a trapezoidal interpolation was
applied to avoid a weighting bias (see Appendix D; Fig. D.2 for visual reference). Flux
estimates were only conducted for dissolved constituents as particles are subject to
gravitational setting and require a greater resolution of sampling (< 1 h; Fagherezzi et al.
2013).

Statistics
Each astronomical season undergoes significant environmental variability.
Because our sampling focused over a one-year period, the assumption that seasons were
categorically distinct within this time frame was examined. This hypothesis was tested
independently for slack high and low tidal stages using a MANOVA with salinity,
temperature, SRP, NH4+, and chlorophyll a as dependent variables. Buzzelli et al. (2004)
found these parameters were responsible for the majority of environmental variability in
NI. Principle component analysis was used to explore the relationship between average
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environmental conditions (same variables as the MANOVA) for each season and the
environmental conditions for each individual sampling effort (Fig. 4.2). Discriminant
analysis was then performed to ascertain the accuracy of seasonal group membership. In
addition, the bi-seasonal sampling of TDP and particulate C, N, and P was assessed using
a MANOVA (salinity, temperature, SRP, NH4-, and chlorophyll a) to determine if the
environmental conditions of the bi-seasonal sampling were significantly different from
their respective season (controlling for tidal stage).

Single factor model III analysis of variance (ANOVA) was used to identify
significant differences between season and tidal stage means for nutrient concentrations
and stoichiometric ratios. Deviations from normality and non-homogenous variances
were assumed to have negligible impact on result significance when p < 0.001. Dunnett’s
T3 (equal variances could not be assumed) post-hoc tests were used to identify the
specific significant differences between factor levels. Non-parametric Spearman's rank
order tests were performed to explore significant correlations between environmental
parameters, stoichiometric ratios, and tidal flux estimates. One sample t-tests were
performed to determine if annual nutrient fluxes were significantly different than zero.
Linear and curvilinear regression analyses were used to explore relationships between
stoichiometry and environmental conditions and paired samples t-test were also
performed to assess differences between PC:PN and particulate organic C:N
stoichiometry. Statistical analyses were performed using IBM® SPSS ® Statistics
version 24.
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4.4 RESULTS
Environmental variability
For both tidal stages, the environmental conditions of each season were found to be
significantly different from one another (p < 0.001; Pillai’s Trace). In addition, the biseasonal sampling events were representative of the environmental conditions for each
respective season (p > 0.1), except during low tide in the winter and fall (p < 0.05).
Discriminant analysis determined 10 of 16 high tide events and 18 of 24 low tide events
were correctly assigned to their respective season. For high tide (Fig. 4.2A), temperature
and SRP dominated the correlations with function 1 (F1) and 2 (F2), respectively.
However, for low tide (Fig.4.2B), F1 was correlated to multiple seasonal factors
(temperature and chlorophyll a, in order of correlation strength), while F2 was correlated
to multiple water chemistry factors (SRP, NH4+, and salinity, in order of correlation
strength).

Nutrient Dynamics
Bulk dissolved inorganic and organic nutrients exhibited significant seasonal and
tidal differences (p < 0.001), with the exception of tidal stages for DOP (Table 4.1).
Dissolved inorganic N and SRP reached their minimum concentrations during winter
(2.22 ± 0.81 μM and 0.20 ± 0.11 μM, respectively) and maximum concentrations during
summer (3.78 ± 2.95 μM and 0.47 ± 0.22 μM, respectively) (Table 4.1). Dissolved
organic N and P reached their maximum concentrations during spring and summer (15.8
± 6.3 μM and 0.47 ± 0.10 μM, respectively), and were at their lowest concentrations
during the fall (10.9 ± 3.2 μM and 0.28 ± 0.06 μM, respectively) (Table 4.1). Dissolved
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organic C exhibited maximum concentrations (365.0 ± 311.7 μM) in the winter and
minimum concentrations in the fall (196.9 ± 51.3 μM) (Table 4.1).

For each dissolved inorganic species of N, maximum concentrations were
observed during flooding stages, while maxima in SRP, DOP, DON, and DOC were
observed during slack low tide. All dissolved nutrients were at their minimum
concentrations during the slack high tidal stage (Table 4.1). Contributions by N+N, NH4+,
and DON to the total dissolved N pool were relatively stable at ~ 2.0 ± 0.9%, 16.3 ±
7.6%, and 81.7 ± 8.1%, respectively, whereas the composition of the dissolved P pool
experienced significant changes (p < 0.001) over seasonal and tidal periods (Appendix D;
Table D3). Dissolved organic P dominated the TDP pool in the winter (75.1 ± 10.1%)
and at slack high tide (78.6 ± 15.9%), but steadily decreased thereafter reaching a
minimum in the fall (40.7 ± 11.6 %) and was lowest at slack low tide (54.7 ± 16.1%)
(Appendix D; Table D3).

Particulate nutrient and chlorophyll a concentrations are consistent with seasonal
autotrophic growth, but did not exhibit any significant change over a tidal cycle (Table
4.2). Concentrations ranged between winter (minimum) and summer (maximum) for
chlorophyll a (1.8 to 13.0 μg L-1), PC (49.4 to 198.8 μM), PN (5.2 to 21.5 μM), and PP
(0.40 to 2.14 μM) (Table 4.2). Particulate C, N, and P concentrations were significantly
different between spring, summer, and the coupled fall and winter seasons (p < 0.005)
(Table 4.2). For POP, concentrations were significantly different (p ≤ 0.001) between
winter, fall, and the coupled spring and summer seasons, when concentrations were at a
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maximum. Chlorophyll c1c2 consistently dominated the total concentrations of
photosynthetic accessory pigments (by 71.4 ± 8.4%), followed by fucoxanthin (18.8 ±
7.4%). Both pigments are diagnostic of diatoms and exhibited a strong linear relationship
with chlorophyll a (R2 = 0.93; data not shown).

Elemental Stoichiometry
Elemental stoichiometry of dissolved and particulate C, N, and P was
characterized by significant seasonal trends (p < 0.001), but significant relationships were
relatively absent over a tidal cycle (Table 4.3). For dissolved inorganic nutrients,
DIN:SRP was at a maximum (16.2 ± 8.8) in the spring and reached a minimum (7.5 ±
3.3) during the fall (Table 4.3). Dissolved organic nutrients, DON:DOP and DOC:DON,
were greatest during the winter (45.7 and 26.3, respectively) and least during the summer
(27.7 and 17.5, respectively) (Table 4.3). Dissolved organic N:P was also the only ratio
that exhibited significant changes (p < 0.001) between tidal stages (Table 4.3), with a
maximum during slack low (48.7 ± 21.3) and a minimum during slack high (24.9 ± 11.1)
(Table 4.3). Particulate C:N was not significantly different between seasons (9.3 ± 1.9,
annual average), but PC:PP and PN:PP were characterized by significant seasonal trends
(p < 0.001); these were elevated during the winter (126.3 ± 24.8 and 14.1 ± 4.2,
respectively) relative to the summer (92.8 ± 11.7 and 10.4 ± 2.3, respectively) (Table
4.3). Particulate C and N relationships with POP (PC:POP and PN:POP) were
significantly elevated (p < 0.05) only during winter seasons (467.9 ± 234.5 and 55.3 ±
22.1, respectively) compared to the rest year (224.4 ± 82.3 and 24.8 ± 9.0, respectively)
(Table 4.3). However, 16 of 26 POP measurements during the winter were below
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detection (0.06 μM P) and not included in the dataset. This reduced sample size and low,
but above detection limit concentrations drove the large variation in ratios (Table 4.3).
Organic fractions of C and N were determined for a subset of samples and a paired
samples t-test indicated no significant difference (p = 0.501; n = 18) between PC:PN and
POC:PON stoichiometry.

Of the variables that were not directly used to quantify stoichiometry (i.e.
DIN:SRP and SRP), salinity demonstrated the strongest relationship with each dissolved
nutrient ratio (Appendix D; Table D3), particularly DOC:DON (R2 = 0.57) (Fig. 4.3C).
While NI maintains relatively high salinity throughout the year, precipitation events can
reduce salinity to almost 4 (Gardner et al. 2006). This influence was observed during a
winter sampling event, in which salinities ranged from 17.7 to 33.3 over a tidal cycle.
The bifurcation of DIN:SRP (Fig. 4.3A) and the increase in DON:DOP and DOC:DON
(Fig. 4.3B-C) visually demonstrate the impact of the freshwater input. Exclusion of the
precipitation event eliminated significance (p > 0.05; linear regression) with salinity for
DON:DOP, but not for DOC:DON (p < 0.001), although it did reduce the coefficient of
variation (R2 = 0.567 to 0.344) (Fig. 4.3B-C). In contrast, the DIN:SRP coefficient of
variation increased when the precipitation event was excluded (R2 = 0.107 to 0.344; p <
0.001) (Fig. 4.3A).

While particulate C:N:P exhibited significant correlations with several
environmental variables (Appendix D; Table D3), most noteworthy was the stabilization
of PC:PN and PN:PP under conditions of increasing chlorophyll a biomass (Fig. 4.4).
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When grouped by their respective chlorophyll a quartiles, PC:PN and PN:PP generally
decreased in variance between each consecutive quartile. Under low biomass (1st quartile)
mean PC:PN and PN:PP were 8.1 (CV = 27.2%) and 15.0 (CV = 26.4%), respectively,
and under elevated biomass conditions (4th quartile) mean PC:PN and PN:PP were 9.2
(CV = 9.1%) and 10.3 (CV = 10.0%), with notable decreases in relative variability (Fig.
4.4). Variance in PC:POP and PN:POP also decreased with increasing chlorophyll a,
however it was still relatively high under elevated biomass conditions (CV = 42.8% and
42.1%, respectively).

Community nutrient status
The consideration of biologically available dissolved organic nutrients and N:P
demands that were based upon organic P content had a significant impact on modeled
community nutrient status within each season (paired samples t-test; p < 0.001) (Fig. 4.5,
Table 4.4). Bioavailable N reached a maximum in the spring, while BAP reached a
maximum in the summer and fall, driving BAN:BAP to a winter maximum (19.8 ± 7.9)
that subsequently decreased until fall (11.8 ± 2.6) (Table 4.4). Using the Redfield Model,
OL experienced a significant seasonal transition from co-N/P deficiency
(winter/summer), to either P-deficiency (spring), or N-deficiency (fall) (Table 4.4, Fig.
4.5A). For the Bioavailable Model, higher relative N demand (PN:POPPD = 26.8 versus
PN:PPPD = 10.3) and a greater pool of available P, resulted in consistent N- deficiency
across seasons and potential co-N/P in winter and spring (Table 4.4, Fig. 4.5B).
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Nutrient tidal flux
Water discharge estimates appeared to be minimally biased given that mean water
transport was not significantly different than zero (-6 L s-1; p > 0.8; Appendix D; Table
D4), as expected using the composite storage curve. However, there was a small bias
between ebb and flood tide sampling, where SWMP sample collection was conducted
51.9% on flood tide (n = 283), although this was close to the relative percentage of data
collected on flood tide for the THNOAA parameter (50.9%, n = 4464). Nonetheless, our
data showed a mean export of salt that was not significantly different than zero (p > 0.3).

The measured nutrients, N+N, NH4+, DON, SRP, and DOC, were characterized
by a net annual import into Crab Haul Creek, while DOP showed no such import or
export (Table 4.5, Fig. 4.6). Of the annual imports, N+N, NH4+, and SRP were
statistically significant (p < 0.05), while DOM fluxes were complicated by seasonal
behavior and high tidal cycle variability (Fig. 4.6, Appendix D; Table D4). The fall had
the greatest mean import of dissolved inorganic nutrients (N+N, NH4+, SRP), although
significant differences between seasonal flux could not be confirmed due to limited group
sample sizes (n = 4 or 5). Export was characterized for SRP, DON and DOC during
summer sampling events, while DOC indicated even greater export during winter
months. Nutrient fluxes were not significantly correlated with water or salt transport (p >
0.05) and Spearman rank order tests also found no significant relationships between
transport and nutrient fluxes (p > 0.3; i.e., no dilution effect). The approximately 3%
mathematical error of calculated flux was largely driven by the ± 0.02 m error associated
with each instantaneous THNOAA measurement (NOAA CO-OPS 2013), rather than the
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range in relative variances between nutrient analyses (e.g., DOC = 2.7% CV to DON =
9.8% CV).

4.5 DISCUSSION
For estuarine systems, establishing the natural variability of water column C, N, and P
stoichiometry can provide valuable insight into these elements’ biogeochemical
transformations, relative material exchange with coastal waters, and ecological
relationships with planktonic communities. Within NI, the stoichiometric patterns
reflected the dominant environmental drivers of both temperature and salinity (Fig. 4.2),
which is typical of ‘Carolinian’ estuaries (Apple et al. 2008). In general, tidal and
seasonal forcing were reflected in the significant transitions of dissolved nutrient
concentrations over each respective temporal period, yet this was not the case for SPM,
as only significant seasonal trends were observed (Table 4.1). While component analyses
(this study and Apple et al. 2008) depict a stronger influence of temperature relative to
salinity, the overall dominance of seasonal forcing is only revealed upon closer
examination of stoichiometric behavior.

Significant seasonal trends were observed for all but one stoichiometric ratio
(PC:PN), while only one stoichiometric ratio (DON:DOP) was significantly different
between tidal stages. Lack of significant tidal variability is likely due to two main causes.
First, average trends are inherently complicated by the daily variation in tidal amplitude,
which in turn affects sources susceptible to tidal inundation (e.g., groundwater, marsh
platform, and pore-waters) (Whiting et al. 1989; Dame et al. 1991). For instance, if tidal
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flushing of groundwater is a significant driver in observed stoichiometric tidal trends of
DON:DOP, DOC:DON, and DIN:SRP then DOC, DON, and NH4+ flux estimates should
correlate to tidal amplitude (Wilson and Morris 2012). While a larger sample size may
support this hypothesis, no significant relationships were found within our dataset (linear
regression). Secondly, significant correlations between dissolved stoichiometry and
salinity (Appendix D; Table D3) correspond to forested-swamp drainage after a major
precipitation event rather than tidal mixing (43.2 mm event precipitation, ca. 3.5% of
total rainfall at OL within our sample period). Thus, this salinity significance is better
categorized as seasonal stochastic behavior rather than tidal. Given the relative
dominance of seasonal versus tidal forcing, this discussion will focus on the overall
impact of seasonality to stoichiometry, community nutrient status, and tidal material
exchange.

Stoichiometric variability
Significant seasonal variation in NI stoichiometry reflects the transition of
environmental conditions that affect light- and temperature- sensitive processes (e.g.,
primary production, microbial respiration), as well as weather patterns typical of saltmarsh ecosystems of the southeastern U.S. (Dame et al. 2000; Pomeroy et al. 2000;
Buzzelli et al. 2004). Even with the complexity of environmental forcing, the
stoichiometric means of the tidal creek water column capture the integrated seasonal
behavior and contribution of individual sources of material (e.g., coastal ocean, forestedswamp, groundwater, benthos, and the salt-marsh platform) (Dame et al. 1991). As such,
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the stoichiometric variability attributed to each source is discussed in terms of the
seasonal progression.

Beginning in the late winter and early spring, Crab Haul Creek experienced an
uncoupled delivery of C, N, and P from adjacent forested swamp and marsh sediments.
During this time frame, DOC reached its maximum concentration during the winter,
compared to DON’s maximum in the spring (Table 4.1), driving the decrease in
DOC:DON from winter to spring (Table 4.3). Concentrations of DOC and DON were
partly attributed to a precipitation-driven delivery of material with elevated DOC:DON
ratios (44.4 ± 2.2, slack low tide average), similar to neighboring forested-swamp soil
OC:ON (Goni and Thomas 2000) (Fig. 4.3C). The seasonal transition of DOC and DON
concentrations are coupled if this event is removed. Yet their seasonal fates differ as
DON appears to be retained within the tidal creek system while C-rich DOM is exported
as suggested by winter tidal flux stoichiometry (DOC:DONF = -79.0; DOC export, DON
import) (Table 4.5). In contrast to DOM, DIN and SRP remain at their lowest
concentration during the winter (Table 4.1), coincident with low SPM and chlorophyll a
concentrations (Table 4.2), and more variable and nutrient-deplete SPM stoichiometry
(Table 4.3). The observed precipitation event also demonstrates uncoupled delivery of
DIN and SRP as mean tidal cycle DIN:SRP after the precipitation event was nearly
double that of the rest of the winter (20.3 and 11.8, respectively) (Fig. 4.3A). Restrained
benthic release of P from oxic marsh sediments may play a significant role in shaping the
relative DIN and SRP inventory, which reached a maximum during the spring (DIN:SRP
= 16.2 ± 8.8; Table 4.3) (Krom and Benner 1980; Slomp et al. 1998; Lillebo et al. 2004).
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Increasing concentrations of dissolved inorganic nutrients (Table 4.1), SPM, and
chlorophyll a (Table 4.2) from spring to summer, demonstrates the relationship between
increasing temperature and the microbial-mediated release of nutrients (Pomeroy et al.
2000). In turn, elevated nutrient inventories coupled with increased light intensity,
stimulate the annual cycle of salt marsh primary production (Dame et al. 2000). The
dominance of NH4+ with respect to DIN speciation (Appendix D; Table D2) indicates the
consistent influence of pore water and water column N remineralization (Wolaver et al.
1984; Childers and McKeller 1987), as well as the macrofaunal and resident microbial
communities of oyster beds prevalent at OL (Dame et al. 1989; Moulton et al. 2016).
Accompanying rapid turnover of NH4+ at OL (Dame and Libes 1993), SRP increased in
relative proportion to DIN from spring to summer (8.7 ± 6.5; Table 4.3), likely driven by
intertidal pore water (Weston et al. 2006; Beck et al. 2008) and groundwater release
(Krest et al. 2000). In addition, the preferential remineralization (P relative to N, N
relative C) of nutrient-rich DOM and SPM, may also contribute to decreasing DIN:SRP
(Goni and Thomas 2000; Weston et al. 2006). Particulate C:N:P reached minimum values
during the summer, reflecting active biomass production while fresh, labile DOM
production is indicated by the summer minimum of DOC:DON and DON:DOP ratios
(Table 4.3). Tidal flux stoichiometry (designated by the F subscript) is again
complementary to the integrated seasonal dynamics. During the spring, fresh DOM
production is consumed within the tidal creek (Table 4.8; DOC:DONF = 11.4; import),
followed by peak system-wide primary production during the summer driving a surplus
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of DOM and potentially SRP out of the system (Table 4.5; DOC:DONF = 11.2; export;
DIN:SRPF = -242.1) (Dame et al. 1991; Gardner and Kjerfve 2006).

The seasonal cycles of dissolved and particulate stoichiometry begins to reset
during the fall. Each dissolved and particulate nutrient species (excluding NO3-)
concentration decreased from summer to fall, while DOM and SPM stoichiometry
became increasingly nutrient-poor (Table 4.3). Microbial decomposition of increasing
detrital material may reflect remineralization of the ambient DOM pool, given tidal
exchange stoichiometry during the fall (Table 4.5; DOC:DONF = 23.5; import). The
importance of preferential remineralization was again reflected as DON:DOP,
DOC:DON, and SPM stoichiometry began to increase following their summer minima,
while DIN:SRP became more P-rich (Table 4.3). Remineralization of DOP within the
tidal creek system is further indicated by the delayed seasonal transition and reversedphase tidal behavior of DIN:SRP relative to DON:DOP (Table 4.3). Notably, DOP was
the only dissolved nutrient that did not experience significant changes in concentration
between tidal stages and was in phase with seasonal transitions for each dissolved
inorganic nutrient rather than DOC and DON (Table 4.1). Rapid turnover of a highly
labile DOP pool is reinforced by highly variable seasonal DON:DOP tidal exchange
stoichiometry (Table 4.5; DON:DOPF = 128 to -3106) (Berggren et al. 2015).

The seasonal cycle of autotrophic biomass (as chlorophyll a) provided additional
insight into ecological relationships with SPM stoichiometry. Variability in particulate
C:N:P relationships was reduced by ~60% as biomass increased (Fig. 4.4), roughly
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stabilizing at 9.2 ± 0.8, 10.3 ± 1.0, and 94.2 ± 11.2 for PC:PN, PN:PP, and PC:PP,
respectively. Considering the variability under low biomass, C:N:P of SPM is likely a
snap-shot of continual organic material processing. With increasing biomass, SPM
stoichiometry is increasingly influenced by active biomass production and the respective
C:N:P particle demand of dominant phytoplankton. Based on HPLC photopigment
analyses, diatom communities dominated community composition throughout the year.
Chlorophyll c1c2 and fucoxanthin made up 71.5 ± 11.2% and 18.8 ± 7.4%, respectively,
of the chlorophyll a signal over the entire year. Notably, Noble et al. (2003) found that
phytoplankton community composition in NI was relatively predictable compared to a
riverine-dominated estuary. The most common diatom genera found in NI include
Skeletonema, Guinardia, Chaetoceros, and Cylindrotheca (Van Mersche, E., personal
communication) in addition to Navicula sp., which are common benthic diatoms (J.
Pinckney, personal communication; Lawrenz et al., 2012). The high biomass and
attenuated C:N:P ratios are similar to previous studies of diatom stoichiometry under
exponential growth (Montani et al. 2003; Leonardos and Geider 2004a; Leonardos and
Geider 2004b). This evidence of a predictable relative particle demand, specific to NI’s
diatom-dominated phytoplankton communities, allowed for the formulation of our
community nutrient status models.

Community nutrient status
The differing stoichiometric assumptions of each model resulted in significant
differences between the calculated nutrient status of NI phytoplankton communities
(Table 4.4). Nutrient status described by the Redfield model transitioned between P, N
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and co-N/P deficiencies (Fig. 4.5A) over the year, while the Bioavailability model
(BANPQ) described consistent N-deficiency throughout the year, although the magnitude
of deficiency differed between the spring-summer and fall-winter seasons (Fig. 4.5B).
Consistent N-deficiency represented by BANPQ appears to be predominantly driven by
PN:POPPD. When DIN and SRP is substituted for BAN and BAP in Eq. 2, community
nutrient status maintains the same seasonal trends. However, the consideration of
bioavailable fractions of DOM drives BANPQ lower, suggesting that DOP helps support
the coupled demand of P under elevated biomass and associated N demands. These
results are supported by the apparent labile behavior of DOP revealed in our
stoichiometric assessment, and through separate bioassays conducted at OL (high tide)
only 4 days after a SWMP sample event (Van Mersche, E.; personal communication).
Mean high tide DIN:SRP was approximately 30 at this time resulting in a slight Pdeficiency using the Redfield model (NPQ = 0.79). Yet the Bioavailablity model reflected
primary N limitation (BANPQ = -1.9), consistent with the bioassay that showed a ~5x
increase in chlorophyll a with only N addition. Growth was further stimulated by dual N
and P additions (~9x increase in chlorophyll a). In further support of the Bioavailability
model, Lewitus et al. (1998) found that NH4+ additions delivered the greatest growth
response during November at OL (compared to February, July, and September), matching
the seasonal maximum of BANPQ during the fall (Table 4.4). The modeled N-deficiency
at OL complements observations made in other southeastern estuaries (Dame et al. 2000)
and North Carolina tidal creeks (Mallin et al. 2004). However, it is important to note that
both models reflect nutrient deficiency of water column microbial communities, rather
than just phytoplankton. While intraspecific nutrient deficiencies are often not explicitly
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addressed, they have been observed within plankton communities (Zohary et al. 2005),
and between trophic levels in marine environments (Ulanowicz and Baird 1999;
Sundareshwar et al. 2003). In NI, Sundareshwar et al. (2003) found this to be true
between P-deficient marsh-soil bacteria communities and the overlying N-deficient S.
alterniflora community.

The bioavailability of total N and P is also likely to be seasonally and tidally
variable in Crab Haul Creek. While this may impact each nutrient status model, which
considers BAN and BAP to be static, comparable observations of DON and DOP at
seasonal scales are lacking in literature. Dissolved organic matter bioavailability
experiments conducted at OL during our sampling period provide a useful validation of
assumed DON and DOP availability. The fractions of available DON and DOP during
high tide in May 2015 were 31% and 62%, respectively (bioavailable DOC = ca. 16%)
(Shen, Y., unpublished data). Our results thus compare well with a generalized
assumption of DOM availability (Lønborg and Álvarez-Salgado 2012; Berggren et al.
2015), where the relative amount of DOM that is bioavailable doubles between each
subsequent fraction of DOC, DON, and DOP (Berggren et al. 2015).

The described nutrient status models are admittedly subject to similar criticisms
as Redfield N:P limitation and derivations of Liebig’s (1840) law of the minimum,
(Geider and La Roche 2002; Moore et al. 2013; Berggren et al. 2015). Yet the ambient
ratio of DIN:SRP remains a familiar concept for developing conceptual frameworks for
controls on community and phytoplankton production (Tyrell 1999; Saito et al. 2008;
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Hessen et al. 2013) and is useful in considering best management practices for water
quality (Pinckney et al. 2001; Howarth et al. 2011; Glibert 2012). Our model
comparisons show the benefit of assessing variable stoichiometry, the complexity of bulk
elemental relationships (e.g., SPM C:N:P), and the impact of DOM bioavailability on
modeling nutrient sensitivities. In NI, N-deficiency is consistent, yet nuanced, due to the
seasonal environmental behavior that mediates a cascade of relative C, N, and P into and
out of the salt marsh ecosystem. Comprehension of such seasonal behavior aids in the
categorization of net ecosystem behavior for individual estuary systems (e.g., the
‘Outwelling’ Hypothesis; Odum 1980), which ultimately helps to clarify the
heterogeneity of coastal nutrient delivery to the open ocean.

Annual complexity
Tidal material exchange estimates were conducted to provide biogeochemical
context for the temporal variations in element stoichiometry, with a particular focus on
comparisons between ambient nutrient pool stoichiometry and relative flux estimates. In
direct comparison, water column stoichiometry did not reflect nutrient exchange
stoichiometry, at either the individual tidal cycle (Appendix D; Table D4) or the seasonal
scale (Tables 4.3 and 4.5). With respect to biogeochemical modeling efforts, these results
recommend the application of variable stoichiometry that reflects flux behavior, rather
than the fixed stoichiometry of elemental inventories (e.g., N:P of water column,
groundwater, sediment, etc.). However, the seasonal material exchange stoichiometry did
provide complementary insight on the behavior of general material exchange within an
estuary subsystem (i.e., salt marsh tidal creeks).
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Seasonal changes in the direction of material exchange have been previously
observed using the same tidal storage model (Gardner and Kjerfve 2006), but the
direction of net annual exchange is inconsistent with estimates of our study. Here, we
determined a net annual import (p < 0.05) of N+N, NH4+, and SRP that was consistent
across seasons with the exception of SRP during the summer (Table 4.5; Fig. 4.6).
Gardner and Kjerfve (2006) found only N+N to be annually imported, although dissolved
inorganic nutrient species displayed seasonally divergent behavior (spring/summer
export, fall/winter import). Both studies also indicated seasonal behavior in DOC and
DON transport. Gardner and Kjerfve (2006) measured significant annual export of DOC
and DON, while the variability of our DOC and DON flux estimates (e.g., -330.0 to
302.7 mmols DOC s-1; Fig.4.6, Appendix D; Table D4) precludes a conclusive net annual
direction.

Discrepancies between this study and Gardner and Kjerfve (2006) are attributed
to the inherent variability within our short time period of study as well as the difference
between the tidal height datasets used in each storage curve model. Without the
availability of local NOAA-verified tidal heights, Gardner and Kjerfve (2006) relied on
hindcasted tidal heights, predicted from Charleston Harbor, which produced significant
ebb biases within their data set. Mean water transport was reduced from -610 L s-1 to 0.02
L s-1 after a portion of their data set could be supplied with NOAA-verified tidal heights
(Gardner and Kjerfve 2006). Confidence in the seasonal trends and net annual direction
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of material exchange would greatly benefit from an effort to utilize the entirety of the
NOAA-verified tidal height dataset (installed May 2001).

The geohydrologic continuum theory was originally developed to conceptualize
the spatio-temporal behavior of salt marsh-estuarine ecosystems and presents a
convenient aged-based classification system (i.e., ephemeral, mid-aged, and mature) for
considering individual tidal creek behavior (Dame et al. 1992). Mid-aged creeks are
characterized as exporters of dissolved material and importers of particulate materials,
while young, ephemeral creeks are characterized as net importers of dissolved and
particulate material (Dame et al. 1992). The lack of a consistent classification of Crab
Haul Creek’s material exchange demonstrates the transient nature of tidal creeks and the
inherent spatial variability within an estuarine system. Collectively, the material
exchange of individual tidal creeks regulates the metabolic balance of mature estuary
creek channels (i.e., ocean-estuary interface), which dominate in calculations that scale
the net export of nutrients and C from inland coastal systems (Hermann et al. 2015).

While the spatially-heterogeneous material delivery to the coastal ocean continues
to be synthesized (Harrison et al. 2005; Dürr et al. 2011; Jickells et al. 2014; Hermann et
al. 2015; Sharples et al. 2015), the temporal resolution of material flux is an important
consideration as well (McCrackin et al. 2014). Although limited, our results argue that
seasonality within biogeochemical models of coastal material delivery must be
considered, as net annual fluxes do not necessarily reflect the in situ deliveries of C and
nutrients into adjacent ecosystems. As our own nutrient status models indicate, the timing
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of material supply is important. Each individual season of N import reflected both the
moderate (winter-spring) and elevated (summer-fall) modes of N-deficiency identified by
our Bioavailablity model. And as this assessment has shown, stoichiometry can provide a
routine method for comparison and monitoring of environmental biogeochemistry
essential to understanding the interactions between marine ecosystems.

4.6 CONCLUSION
Our assessment of nutrient and C stoichiometry at Oyster Landing builds on the growing
body of empirical evidence for temporal variations in dissolved and particulate C, N, and
P stoichiometry in marine ecosystems (Karl et al. 2001; Hopkinson et al. 2002; Sterner et
al. 2008; Frigstad et al. 2011; Martiny et al. 2013; Talarmin et al. 2016). In North Inlet,
South Carolina the variable stoichiometry reflects the dynamic interplay between daily
tidal exchanges with the more dominant driver of environmental seasonality. Tidal
exchange estimates complemented seasonal patterns of water column stoichiometry.
More importantly, our evaluation showed that using fixed stoichiometry of ambient
elemental fractions, even under seasonal considerations, is inappropriate for quantifying
relative exchange terms. In addition, our collective approach of dissolved and particulate
stoichiometry was enhanced when bulk elemental components were discriminated
between organic and inorganic fractions. This discrimination proved highly useful for
considering elemental transformations (e.g., DOP) and fundamental for developing our
community nutrient status model, which showed conceptual promise as a realistic
depiction of nutrient deficiency. The required measurements for such a supply and
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demand model would provide a relatively inexpensive tool for monitoring nutrient status,
an important consideration in ecosystem and environmental health assessments.

Our results also accounted for the behavior of material exchange within an estuary
subsystem over an annual timescale. In Crab Haul Creek, persistent N limitation may
help drive the net import of N into the tidal creek, while temporary P surplus may drive
seasonal export. As salt marsh ecosystems equilibrate with rising sea level, tidal creek
systems will undergo transformation by either developing new tidal channels, migrating
landward, or undergoing inundation by open water at interfaces with human development
(Schubel and Hirschberg 1978). Determining the biogeochemical response of tidal creek
systems to the physical changes in marsh platform ultimately aids in quantifying the
strength of the estuarine filter of salt marsh-estuarine ecosystems. Admittedly, the
strength of the conclusions reached from this single-year study is constrained by the lack
of interannual variability. This places an emphasis on the utility and need for long-term
monitoring programs like the National Estuarine Research Reserve’s System Wide
Monitoring Program that are essential for developing an understanding of ecosystem
dynamics and improved management strategy.
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Table 4.1 Mean seasonal and tidal concentrations of dissolved nitrogen, phosphorus, and carbon.
NO3μM

NO2μM

NH4+
μM

DIN
μM

DON
μM

SRP
μM

DOP
μM

DOC
μM

Winter

0.14 ± 0.08

0.07 ± 0.03

2.01 ± 0.77

2.22 ± 0.81

12.5 ± 5.8

0.20 ± 0.11

0.37 ± 0.09

365.0 ± 311.7

Spring

0.24 ± 0.15

0.13 ± 0.05

2.96 ± 1.44

3.33 ± 1.52

15.8 ± 6.3

0.24 ± 0.13

0.47 ± 0.11

316.1 ± 135.1

Summer

0.21 ± 0.11

0.16 ± 0.08

3.42 ± 2.83

3.78 ± 2.95

15.4 ± 5.3

0.47 ± 0.22

0.49 ± 0.10

265.0 ± 92.3

Fall

0.29 ± 0.16

0.09 ± 0.04

2.49 ± 1.55

2.87 ± 1.70

10.9 ± 3.2

0.41 ± 0.21

0.28 ± 0.06

196.9 ± 51.3

Annual

0.21 ± 0.14

0.11 ± 0.07

2.72 ± 1.91

3.05 ± 2.02

13.7 ± 5.6

0.33 ± 0.21

0.40 ± 0.12

289.4 ± 193.7

ANOVA

**

**

**

**

**

**

**

**

Tidal Stage
Slack Low

0.21 ± 0.12

0.12 ± 0.06

3.46 ± 2.33

3.79 ± 2.42

18.2 ± 5.2

0.44 ± 0.22

0.43 ± 0.12

408.1 ± 228.4

Flood Low

0.28 ± 0.16

0.14 ± 0.08

3.84 ± 2.69

4.26 ± 2.82

17.2 ± 4.8

0.42 ± 0.21

0.43 ± 0.10

368.9 ± 201.6

Flood High

0.29 ± 0.16

0.13 ± 0.08

2.85 ± 1.21

3.28 ± 1.37

12.2 ± 3.4

0.34 ± 0.18

0.39 ± 0.12

234.2 ± 59.2

Slack High

0.13 ± 0.08

0.07 ± 0.04

1.58 ± 0.87

1.78 ± 0.92

8.1 ± 2.5

0.16 ± 0.14

0.36 ± 0.12

157.4 ± 28.9

Ebb High

0.18 ± 0.11

0.09 ± 0.05

1.81 ± 0.91

2.08 ± 1.00

9.8 ± 3.0

0.22 ± 0.14

0.37 ± 0.12

187.9 ± 59.1

Ebb Low

0.21 ± 0.13

0.11 ± 0.06

2.41 ± 1.24

2.71 ± 1.33

14.2 ± 4.9

0.33 ± 0.18

0.41 ± 0.14

318.9 ± 246.5

**

**

**

**

**

**

N.S.

**

Season
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ANOVA

*p < 0.05; **p < 0.001; N.S. = not significant

Table 4.2 Mean seasonal and tidal concentrations of chlorophyll a and particulate
nitrogen, phosphorus, and carbon.
POP
Chl a
PC
PN
PP
Season
μg L-1
μM
μM
μM
μM
Winter

1.8 ± 0.9

49.4 ± 18.6

5.2 ± 1.2

0.40 ± 0.42

0.10 ± 0.04

Spring

8.7 ± 3.5

128.7 ± 58.2

13.9 ± 6.0

1.31 ± 0.14

0.52 ± 0.24

Summer

13.0 ± 6.3

198.8 ± 92.6

21.5 ± 8.4

2.14 ± 0.58

1.01 ± 0.46

Fall

2.9 ± 2.0

71.8 ± 46.0

7.4 ± 3.7

0.68 ± 0.88

0.36 ± 0.20

Annual

6.6 ± 5.9

112.8 ± 83.1

12.0 ± 8.4

1.13 ± 0.88

0.57 ± 0.43

ANOVA

**

**

**

**

**

Tidal Stage
Slack Low

8.2 ± 7.7

149.5 ± 110.6

15.4 ± 11.0

1.43 ± 1.10

0.68 ± 0.47

Flood Low

6.6 ± 6.5

94.6 ± 54.8

11.0 ± 6.7

1.04 ± 0.73

0.48 ± 0.38

Flood High

6.0 ± 4.9

103.4 ± 66.4

11.4 ± 7.1

1.08 ± 0.76

0.54 ± 0.31

Slack High

6.2 ± 3.5

102.6 ± 58.3

10.7 ± 5.5

0.97 ± 0.62

0.57 ± 0.33

Ebb High

5.1 ± 3.5

72.0 ± 39.9

8.2 ± 4.7

0.77 ± 0.50

0.35 ± 0.22

Ebb Low

7.1 ± 6.6

137.0 ± 107.4

14.1 ± 10.7

1.35 ± 1.15

0.82 ± 0.66

N.S.

N.S.

ANOVA
N.S.
N.S.
*p < 0.05; **p < 0.001; N.S. = not significant
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N.S.

Table 4.3 Mean seasonal and tidal dissolved and particulate nitrogen, phosphorus, and carbon stoichiometry.
Season
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DIN:SRP

DON:DOP

DOC:DON

PC:PN

PC:PP

PC:POP

PN:PP

PN:POP

Winter

13.5 ± 7.4

45.7 ± 30.3

26.3 ± 9.5

9.5 ± 2.5

126.3 ± 24.8

435.9 ± 224.4

14.1 ± 4.2

50.1 ± 15.8

Spring

16.2 ± 8.8

38.1 ± 10.5

20.4 ± 4.0

9.3 ± 1.2

98.9 ± 11.5

262.9 ± 72.2

10.7 ± 1.3

28.6 ± 7.5

Summer

8.7 ± 6.5

27.7 ± 12.5

17.5 ± 2.9

9.1 ± 1.1

92.8 ± 11.7

214.5 ± 101.1

10.4 ± 2.3

23.9 ± 11.3

Fall

7.5 ± 3.3

42.1 ± 7.6

18.1 ± 2.9

9.3 ± 2.4

104.5 ± 18.1

194.4 ± 52.5

11.9 ± 3.3

21.8 ± 6.3

Annual

11.4 ± 7.6

38.2 ± 18.6

20.8 ± 6.3

9.3 ± 1.9

105.6 ± 21.4

246.5 ± 122.7

11.8 ± 3.3

27.5 ± 12.5

ANOVA

**

**

**

N.S.

**

**

**

**

Tidal Stage
Slack Low

13.0 ± 7.2

48.7 ± 21.3

23.9 ± 8.6

9.7 ± 2.1

109.4 ± 27.0

223.0 ± 67.3

11.5 ± 3.0

26.3 ± 12.0

Flood Low

14.3 ± 9.3

43.4 ± 16.0

23.4 ± 8.7

8.9 ± 2.1

98.5 ± 19.9

276.7 ± 212.8

11.5 ± 3.4

30.0 ± 15.1

Flood High

16.0 ± 8.3

33.5 ± 15.3

19.0 ± 7.5

9.0 ± 1.9

103.4 ± 16.4

226.3 ± 51.3

12.2 ± 4.5

25.5 ± 5.5

Slack Hig

19.6 ± 13.2

24.9 ± 11.1

21.2 ± 5.5

9.4 ± 1.7

110.5 ± 19.2

224.7 ± 70.4

12.0 ± 2.6

24.1 ± 8.3

Ebb High

14.7 ± 7.4

29.7 ± 12.3

20.6 ± 5.7

8.9 ± 2.0

99.8 ± 19.4

262.3 ± 150.1

11.9 ± 3.6

28.2 ± 16.1

Ebb Low

13.3 ± 9.3

40.3 ± 19.3

24.9 ± 15.0

9.7 ± 1.5

110.6 ± 21.5

239.8 ± 108.5

11.7 ± 2.9

24.0 ± 10.4

N.S.

N.S.

N.S.

N.S.

N.S.

ANOVA
N.S.
**
N.S
*p < 0.05; **p < 0.001; N.S. = not significant

Table 4.4 Estimated concentrations and stoichiometry of bioavailable nitrogen (BAN)
and phosphorus (BAP).
Season

BAN

BAP

BAN:BAP

NPQ

BANPQ

Winter

7.4 ± 2.9 0.38 ± 0.08

19.8 ± 7.9

0.8 ± 0.9

-2.8 ± 3.3

Spring

9.7 ± 3.6 0.53 ± 0.17

18.4 ± 2.8

1.4 ± 1.2

-4.4 ± 1.9

Summer

9.0 ± 5.3 0.67 ± 0.18

13.2 ± 6.1

1.1 ± 3.2

-8.9 ± 4.5

Fall

7.3 ± 3.2 0.65 ± 0.23

11.8 ± 2.6

-1.3 ± 1.8

-10.2 ± 4.7

8.4 ± 3.8 0.56 ± 0.21

15.8 ± 6.3

0.5 ± 2.2

-6.6 ± 4.8

**

**

**

Annual
ANOVA

*

**
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Table 4.5 Seasonal averages of nutrient flux and stoichiometry
Transport
Date

a

3

m s

-1

NH4+

N+N
mmol s

-1

mmol s

DON
-1

mmol s

SRP
-1

mmol s

DOP
-1

mmol s

DOC
-1

mmol s

DIN:SRP

DON:DOP

DOC:DON

-1

Winter (n = 5)

0.0

2.1

1.3

0.0

0.3a

-102.7

18.6

4.5

-79.3

Spring (n = 4)

0.5

2.2

8.5

0.1

0.0a

96.9

16.5

-3106.7

11.4

a

-56.9

-242.1

128.0

11.1

Summer (n = 5)

0.6

3.9

-5.1

-0.1

0.0

Fall (n = 4)

1.0

7.9

5.5

0.4

-0.1a

129.2

16.4

-62.9

23.4

20.5

69.4

3.6

Annual

-0.006

0.5 (0.1)

3.9 (0.8)

2.6 (1.7)

0.2 (0.1)

0.0 (0.1)

9.4 (37.3)

p-value
n=2

0.848

0.002

0.000

0.154

0.013

0.591

0.806
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Figure 4.1 North Inlet-Winyah Bay National Estuarine Research Reserve.
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Figure 4.2 Principle component analysis for average
environmental conditions during slack high (a) and
low (b) tide.
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Figure 4.3 Dissolved nutrient
stoichiometry vs. salinity.
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Figure 4.4 Stoichiometric relationships for PC:PN and PN:PP with
chlorophyll a.
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Figure 4.5 Redfield (a) and Bioavailable (b)
community nutrient status models.
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Figure 4.6 Flux estimations over individual tidal cycles for dissolved inorganic
(a) and organic (b) nutrients
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CHAPTER 5
CONCLUSION
The primary objective of my research was to gain insight into marine P biogeochemistry,
by means of analytical chemistry, at the molecular and environmental scales of cycling.
My examination of coupled electrodialysis-reverse osmosis (ED/RO) demonstrated the
significant promise of this technique for the isolation of DOP from seawater. This
technique should also have considerable appeal for isolating the broader pool of dissolved
organic matter (DOM), which has consistently suffered from isolation bias (Mopper et al.
2007). Furthermore, electrodialysis separation of inorganic and organic dissolved P holds
promise for further investigations in P cycling, namely radio-labeled tracer experiments.
Solution 31P-NMR analysis of DOP also proved to be a powerful complement to ED/RO
isolation. Solution 31P-NMR established ED/RO’s minimal impact on molecular integrity
and DOP composition, while also presenting itself as an unexplored analytical technique
for the characterization of marine DOP.

Solution 31P-NMR quantified six components of the DOP pool, while past
estimates had only identified three, bulk classes of molecular P bonding (Clark et al.
1998; Kolowith et al. 2001; Sannigrahi et al. 2006; Young and Ingall 2010). The
proportion of the diester class was found to correlate with the relative percentage of
organic P in suspended particulate matter, reinforcing the broad observation that
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particulate organic matter shapes the composition of DOM (Kujawinski 2011, Benner
and Amon 2015; Thornton 2014). My results also suggest for reevaluation of marine
phosphoanhydrides. This class contained a greater, and more consistent, proportion of
pyrophosphate compared to long-chain polyphosphate, which has garnered more
immediate interest (Bjorkman 2014). This novel dataset has revealed a more holistic view
of marine DOP composition with apparent complexity across and within P-bond classes.
Yet these results also show a potential balance between compositional variability and a
relative consistency of bulk DOP composition regardless of environmental regime (i.e.,
open ocean, coastal ocean, tidal-estuary). This suggests that fundamental interactions
between microbes and P are strongly conserved across marine environments, leading to a
dynamic equilibrium of marine DOP composition.

Similar to its molecular composition, DOP appeared to be in a dynamic
equilibrium within a salt-marsh estuary’s tidal creek: neither exported nor imported over
each tidal cycle. The relative biological availability of DOP, with respect to dissolved
organic N, provided my modeled plankton communities a greater relative supply of P.
This led to persistent N deficiency, driving a net import of N into the tidal creek system,
while temporary P surplus drove seasonal phosphate export. Coupling my community
nutrient status models with tidal exchange estimates demonstrated the importance of
dissolved nutrient composition, when considering their total supply. This consideration
ultimately impacted the magnitude and timing of material exchange between
environmental systems, which is essential for constraining the material flux from the
coast to the open ocean (McCrackin et al. 2014; Sharples et al. 2015). Overall, my research
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provides significant new insight into the molecular characterization of DOP and
demonstrates the critical importance of nutrient composition with respect to nutrient
availability and the dynamic exchange of nutrients within the coastal environment.
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APPENDIX B:
CHAPTER 2 - SUPPLEMENTAL MATERIAL

Instrument design
The electrodialysis (ED) channel block (ED component housing) was fabricated from 2”
polypropylene using water jet cutting, a milling machine, and a drill press. Neosepta
AMX (strong base, Cl type, anion permeable, high mechanical strength, 2.4 Ω cm2) and
CMX (strong acid, Na type, cation permeable, high mechanical strength, 3.0 Ω cm2)
electrochemical membrane (ECM) sheets were purchased from Ameridia ® and then
laser-cut. A 1.05 x 0.53 m sheet of AMX and CMX allowed for 18 ECM pairs. Thirteen
cell pairs were used, providing a 105 cm2 active membrane. Limited fabrication
capabilities required the purchase of manufactured electrodes (stainless steel cathode and
titanium-oxide coated anode) and cell spacers (polyethylene/polyethylene succinate) from
Deukem GmbH. The ED component’s electric potential is delivered by a Sorensen™
1.2kW DCS 150 - 8E power supply (AMETEK ®). Electrochemical membranes were
organized between the electrodes as described by Pfromm et al. (1999). Three magnetic
drive pumps (Iwaki America, Inc. WMD20RLT) were used for ED circulation and
stainless steel gauges (0 – 15 psi) were used to monitor pressure.

The reverse osmosis (RO) component consists of a RO element (DOW ®
FILMTEC™ TW30-2514) and associated pressure housing (PV-2514). A close-coupled
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pump motor (1/2 HP, Marathon Electric ®) and 80 GPH stainless steel pump head
(PROCON ®) were used for RO circulation. A plastic needle valve and stainless steel
gauge (0 – 120 psi) were used to regulate and monitor applied pressure. The ED/RO
reservoirs for the electrode rinse, sample, and concentrate are 3-, 5-, and 7-gallon plastic
tanks, respectively (Den Hartog Industries, Inc.). Bulkhead fittings (1/2”) were attached
to the concentrate reservoirs. General circulation used clear 3A PVC sanitary tubing, with
a collection of PVC and polypropylene fittings and ball vales (NPT 3/8”). The majority
of circulation fittings, valves, and gauges are available through industrial suppliers
(McMaster Carr ®). All ED/RO components are summarized in Table B1.

ED/RO operation
The general operation of our ED/RO instrument was designed using recent
isolation procedures (Vetter et al., 2007; Young and Ingall, 2010; Chambers et al., 2016)
and necessary modifications were made for instrument scale. While not in use, the ED
component (Fig. 2.1A) remains conditioned in a 70 ‰ NaCl solution (Chambers et al.,
2016) and the RO component (Fig. 2.1E) is stored in a 1% (by weight) sodium
metabilsulfite solution (SMBS) to prevent biological growth (DOW ® Manual, Form:
609-02091-1005). The pre-cleaning procedure began with four, 1 L DIW (18.2 Ω
deionized water) circulation rinses (~2 min) of the RO system to completely remove the
SMBS, followed by flushing of the RO component until the permeate pH became neutral
(~400 mL produced @ 20 psi, using two, 1 L DIW rinses). A 0.1% (by weight, pH ~ 12)
NaOH (DOW ® Manual, Form: 609-23010-0211) soak was conducted for 1 h in the RO
component to assess residual DOM mass and cleanliness following SMBS storage.
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Following the pre-soak, the RO system was rinsed and flushed again with DIW to
completely remove NaOH. The ED sample pathway (Fig. 2.1D) receives six, 1 L DIW
rinses prior to a final acid rinse, which is conducted through both RO and ED sample
pathways using 1 L HCl (0.1%, pH ~ 2) (DOW ® Manual, Form: 609-02091-1005).
Once again, DIW rinsing and flushing was conducted in the same manner as previously
described to provide a system of neutral pH. Prior to operation, an initial 2 L, ~2 ‰ NaCl
solution was made for the concentrate pathway (Fig. 2.1B) and a 2 L, ~3% (by wt)
Na2SO4 solution (Pfromm et al., 1999) was made for the electrode rinse pathway (Fig.
2.1C). A system blank was completed for each isolation run using 2 L of DIW circulated
(15 min) through RO and ED sample pathways and soaked for 30 min. The system blank
was sampled for TDP, SRP, and occasionally DOC.

To begin isolation, 1 L of sample was circulated through ED and RO sample
pathways, twice for 15 min, and then drained. ED system circulation was kept at 4.0 psi,
while RO circulation without an applied pressure was ~3 psi. After conditioning, 12 L of
sample was added and diluted with 3 L of DIW, bringing sample salinity to ~25 (~40
mS). This dilution step was implemented to limit observed chlorine production in an
effort to minimize ECM ageing and scaling (Mallevialle et al., 1996). Internal inspection
of the ED component, following operation, found the ECMs and spacers to be
qualitatively absent of fouling. Once the sample was appropriately mixed through the
ED/RO system (~15 min, entire volume circulated 3x), ED operation began. Mass
transport across ECMs must be regulated below an ED stack’s limiting current density
(LCD). Exceeding the LCD results in a potential drop across sample and concentrate
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channels once the ion concentration at the sample membrane is significantly below the
bulk ion concentration of the sample (e.g., ion transport exceeds diffusion replenishment)
(Strathmann et al., 2010). This must be avoided, as under such electrical resistance, the
current will begin to split water molecules, significantly impacting ED/RO system pH
through H+ and OH- transport (Tanaka, 2015). The LCD can be determined
experimentally through step-wise reduction in the applied current and plotting the
electrical resistance as it changes with the reciprocal of the current (Pfromm et al., 1999).
The LCD was chosen at the point when resistance becomes positively correlated with the
current reciprocal. Conducting these experiments at a range of operating conductivities
allows one to plot a linear function of a safe operating current density (current at LCD
versus operating conductivity). Safe operating current density was maintained throughout
isolation, except potentially during the final desalting phase (sample < 2 mS), when
accurate LCD is restricted at applied currents < 0.5 A. The operating current and potential
never exceeded 5 A and 18 V, respectively. During the isolation process, both
concentrate and sample conductivity and pH were monitored by hand using an YSI
Professional Plus meter and a Beckman 310pH meter with an Accumet glass electrode
(double junction, Ag/AgCl reference, BNC). When the concentrate conductivity
exceeded 2 mS above the sample conductivity, the concentrate was diluted by a residual
concentrate-DIW ratio of 1:6 (Chambers et al., 2016).

Once the sample reached a threshold conductivity (5 mS), the RO process was
initiated. At this conductivity, dissolved organic phosphorus (DOP) retention by ED was
still high (~80 - 100%), and the greatest possible current below the limiting current
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density was maintained, which expedites the desalting process. The RO component
pressure was kept at ~65 psi (max ~80 psi), generating 40 - 110 mL / min permeate. Once
the sample volume reached ~800 mL (minimum sample volume for coupled ED/RO
system circulation), the RO component was turned off, drained, and added back to the
sample tank. We continued ED until a sample conductivity of ~1 mS was achieved. The
sample was then drained from the ED/RO system and 800 mL DIW was added to the
sample tank to remove any residual material. Use of DIW as a rinsing solution avoids the
use of solvents, acids or bases that may cause DOM degradation. This final DIW rinse
was circulated for 5 min, soaked for 30 min in ED and RO components, and then
circulated again for another 5 min. The DIW rinse was then drained and added to our
final isolate, so we achieved ~1.6 L of a 0.5 – 1.0 mS isolate solution, which was then
stored at -20°C. The active isolation process took roughly ~8 h. Following post-isolation
cleaning, the ED component was rinsed with a 1 L, 0.1% HCl solution for 30 min to
prevent scaling, then flushed with DIW, and then finally stored in the 70 ‰ NaCl
solution. The RO component was independently flushed with DIW, and then stored with
SMBS.
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Table B.1 List of the ED/RO instrument specifications.
Item

System

Type

Electrochemical membranes

ED

NEOSEPTA AMX/CMX

Electrochemical spacers

ED

Polyethylene/polyethylene succinate

Circulation pumps (3)

ED

WMD20RLT

Power supply

ED

1.2kW DCS 150-8E

ED channel block

ED

Electrodes and housing

Manufacturer
ASTOM, Inc.

Supplier

Cost
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Amerida

$430

Deukem GmBH

$400

Iwaki America, Inc.

MarineDepot.com

$480

Sorensen™

AMETEK ®

$1,590

2" thick polypropylene, standard

Grainger ®

$100

ED

SS (cathode), titanium oxide (anode)

Deukem GmBH

Reverse osmosis element

RO

FILMTEC™ TW30-2514

Reverse osmosis housing

RO

PV-2514

Pump head

RO

103A080F31BA200 (80 GPH SS)

Close-coupled pump motor

RO

G0457125 (1/2 HP, 1 1/2" Shaft)

Concentrate reservoir

ED

6, gal, 9513-A-SP0006-2P

Electrode rinse reservoir

ED

3 gal, 9513-A-SP0003-RT

Sample reservoir

ED/RO

5 gal, 9513-A-SP0005-SQ8

Fittings, valves, gauges

ED/RO

PVC, polypropylene

DOW ®

$1,280

FreshWaterSystems.com

$155

IsoPureWater.com

$130

PROCON ®

WaterFiltersFast.com

$190

Marathon Electric ®

Zoro.com

$110

Den Hartog Industries,
Inc.

TankDepot.com

$130

McMaster Carr ®

$950

APPENDIX C:
CHAPTER 3 - SUPPLEMENTAL MATERIAL

METHODS
Solution 31P-NMR preparation
Separate experimental testing examined potential changes to P speciation under simulated
31

P-NMR experimental conditions, different dissolution matrixes, and the effect of

different material loads on sample dissolution (i.e. volume-to-mass ratios). Unfortunately,
limited sample mass did not allow an ‘ideal’ volume-to-mass ratio to be assessed. Past
dissolution of lyophilized samples from Bell et al. (2017) found an approximate mass-tovolume ratio of 10:1 (0.06 g into 0.6 mL matrix) to sufficiently dissolve the entire sample
mass, although these samples were an order of magnitude higher in phosphorus (P)
concentration. Furthermore, Cade Menun and Liu (2014) also recommends a combination
of D2O, NaOH, and EDTA dissolution matrix, while the Bell et al. (2017) used only D2O
and NaOH. In order to obtain the greatest signal possible, yet without significant
redissolution biases, three sets of conditions were tested. A high mass-to-volume ratio of
1:2 (0.1 g into 0.2 mL matrix) was tested for the Bell et al. (2017) and Cade Menun Liu
(2014) matrixes, while a low mass-to-volume ratio of 1:4 in the Bell et al. (2017) matrix
was also tested. The lyophilized samples were first dissolved in their respective matrixes,
vortexed and centrifuged, then the supernatant was subsampled, diluted in 18.2 Ω
deionized water (DIW) and neutralized. An identical subsample was also taken, but
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stored for roughly 64 h at 15°C in the dark before dilution and neutralization. This
allowed the potential hydrolysis of bulk dissolved organic P (DOP) to be assessed with
respect to the 31P-NMR experimental conditions (i.e., temperature and duration). Residual
supernatant was aspirated, so the remaining pellet could be assessed. The sample pellet
was diluted in DIW and neutralized as well. Insufficient measurements of the residual
supernatant did not allow quantification of mass balance, but degradation and the
composition of each phase could be quantifiably compared.

Water chemistry
As part of the National Estuarine Research Reserve System (NERRS), the
System-Wide Monitoring Program has collected high frequency meteorological and
water quality data since 1995 at Oyster Landing (North Inlet). In addition, water
chemistry is monitored at 20-day intervals with automated sample collection (ISCO
3600; Teledyne ISCO, Inc.) every 2 h and 4 min over a complete tidal cycle. Samples for
dissolved elemental fractions were collected (z = 0.5 m) for nitrite + nitrate (N+N),
ammonium (NH4+), total dissolved nitrogen (TDN), soluble reactive P (SRP), total
dissolved P (TDP), and dissolved organic carbon (DOC). Samples for particulate
elemental fractions were collected for particulate carbon (PC), particulate nitrogen (PN),
particulate phosphorus (PP; organic and inorganic, POP and PIP, respectively), as well as
for chlorophyll a.

Colorimetric determination of dissolved inorganic nutrients (NO2-, NO3-, PO43-,
NH4+) and TDN was conducted using an AutoAnalyzer (TechniCon Systems, Inc.). Each
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nutrient was measured in triplicate following TechniCon procedures (158-71 W/B, 15571W, and Glibert and Loder 1977, respectively), while TDN received an additional
persulfate-oxidation step prior to analysis (Glibert and Loder 1977). Detection of TDP
was determined using a modified Monaghan and Ruttenberg (1999) technique with
analytical triplicates on a Beckman Coulter DU640 spectrophotometer. Dissolved organic
C was measured using high temperature (720°C) catalytic oxidation (Pt-alumina) on a
Shimadzu TOC-V CPN analyzer (Benner and Strom 1993). Chlorophyll a samples were
extracted in 90% acetone and determined on a Trilogy fluorometer (Turner Designs)
(Welschmeyer 1994). Particulate C and N were analyzed on a Perkin Elmer 2400
Elemental Analyzer following Thunell et al. (2000). Total particulate P (PP) and PIP
concentrations were determined using a modified Aspila et al. (1976) method. Dissolved
organic N (DON) was determined as the difference between TDN and dissolved
inorganic N (DIN = NO2- + NO3- + NH4+) (i.e., DON = TDN – DIN) and N+N refers to
the collective measurement of NO2- and NO3-. Soluble reactive P (SRP) will refer to
PO43-, while dissolved organic P (DOP) was determined as the difference between TDP
and SRP (i.e., DOP = TDP - SRP). Note that these terms are operationally defined.

Suspended particulate phosphorus composition
Geochemical, biomolecular, and 31P-NMR analyses of suspended particulate
material were also conducted to assess links between dissolved and particulate P
composition. Sequential extraction (SEDEX) was performed on quadruplicate samples of
suspended particulate matter using a modified Ruttenberg (1992) technique (BenitezNelson et al. 2007). SEDEX TPP fractions are defined as 1) loosely-sorbed, 2) ferric-
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bound, 3) authigenic, 4) detrital, and 5) organic. Ferric-bound P was operationally
defined as the difference between particulate inorganic P and step 1, 3, and 4 extractions.
Polyphosphate was determined following the enzymatic extraction and fluorometric
detection described by Martin and Van Mooy (2013) with similar methodological
adjustments as Diaz et al. (2016). Lipid-P was extracted using a modified Bligh and Dyer
(1976) technique and then quantified following the modified Aspilla et al. (1976) used for
total particulate phosphorus. For solid-state 31P-NMR analyses, between 4 and 20 L of
200 µm pre-screened seawater was filtered onto 0.2 µm polycarbonate fractions, scraped
into a bolus, rinsed with DIW, then over-dried at 60° C. Specifications for solid-state 31PNMR analysis are described in Dyhrman et al. 2009.

Statistics
Statistical analyses were performed using IBM® SPSS ® Statistics version 25. A
one sample t-test was performed to determine if there were any significant hydrolysis of
DOP under alkaline dissolution for 31P-NMR. Several pair-wise t-tests were conducted to
assess sample integrity across several phases of sample preparation. Single factor model
III analysis of variance (ANOVA) were used to evaluate any significant differences
between seasons and tidal stages for each individual component of DOP. Spearman-rank
order tests were also conducted to assess any significant relationships between DOP
composition and environmental conditions. Data transformations were performed to
satisfy normality; however this was not possible for Pnate, NucleoP, and polyP data and
thus a non-parametric test was chosen. The significance level for all tests was assumed to
be α < 0.05.
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RESULTS
Solution 31P-NMR preparation
On average (n = 6), the percentage of TDP, DOP, and SRP observed at the end of the
storage treatment was 100.1% ± 7.0%, 102.3% ± 8.7%, and 89.6% ± 18.8%, respectively,
in comparison to the TDP, DOP, and SRP in the immediately sampled supernatant. The
percent of DOP hydrolysis observed following the simulated experimental conditions was
not significantly different than 100% (t = 0.691, df = 6, p = 0.516). The high mass-tovolume ratio (1:2) resulted in overall more TDP, DOP, and SRP in the supernatant,
although the dissolution was more complete in the low mass-to-volume (1:4) treatment
(ca. 25% more TDP into the supernatant, although an exact quantification was
incomplete). While more DOP was retained within the supernatant in the 1:4 treatment,
this average composition (70.2 %; n = 2) is notably less than the %OP observed in the Iso
and Lyo phases (88% ± 6% and 84% ± 8%, respectively; Table 1, OL5 Low). The
supernatant and residual pellet %OP of the 1:2 treatment was 84.7 % ± 2.3 % and 86.0%
± 1.3% (n = 4), respectively.

Water chemistry
Total dissolved P ranged between 0.33 µM to 1.13 µM, while SRP ranged
between 0.01 µM to 0.74 µM and DOP ranged between 0.26 µM to 0.70 µM (Table S1).
Dissolved organic P made up the majority of TDP on average (72.4% ± 15.2%), ranging
between 63.1 to 98.0% of TDP. Particulate P ranged between 0.32 and 5.17 µM (Table
S2), while the particulate organic fraction (%OP) was on average 41.5% ± 7.1% of total
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PP. Additional concentrations of dissolved nutrients are provided in Table S1 for each
sampling event.

Suspended particulate P composition
Organic P comprised the greatest fraction of PP followed respectively by ferricbound (28.3% ± 8.8%), loosely bound-P (21.7% ± 6.3%), authigenic-P (6.1% ± 2.5%),
and detrital (2.1% ± 1.2%) (Table S2). A limited number of samples were processed for
lipid-P after there appeared to be overall little variation in lipid-P concentration (0.03 –
0.07 uM; Table S2) and high analytical variability (40 and 120% RSD for OL1-High and
OL7-Low, respectively; n = 4). In general lipid-P was less than 7% of PP, while
differences in contribution were driven by PP rather than lipid-P concentrations (Table
S2). Orthophosphate esters dominated PP composition with little overall variance (94%
± 5%). Phosphoanhydrides contributed on average 5% ± 4% of PP composition with
detection of the class in 9 of 12 samples analyzed. The phosphonate class was observed
in only a few samples (3 of 12) each under 3% of PP composition (solid-state 31P-NMR
data not shown). Measurements of particulate polyP using enzymatic hydrolysis and
fluorometry were also conducted to compare with 31P-NMR, however these results
contradicted each other. Approximately 13% anhydride signal was detected by solid-state
P-NMR for OL7 – Low, while a negative, background-corrected signal was detected

31

using fluorometry. Conversely, OL7-High did not have any detection of 31P-NMR
anhydride signal, while fluorometry quantified a polyP presence (1% TPP).
Unfortunately, results for particulate polyP following enzymatic extraction and DAPI
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fluorescence were not reliably semi-quantifiable due to high variability, particularly
related to elevated background signals, and thus not presented.
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Table C.1 Concentrations of dissolved inorganic and organic nitrogen (N), carbon (C) and phosphorus (P) at each sampling event.
TDN

N+N

NH4+

DIN

DON

TDP

SRP

DOP

DOC

ID

Tide

M

M

M

M

M

M

M

M

M

OL1

High

8.7 (0.2)

0.05 (0.01)

1.10 (0.05)

1.34 (0.06)

7.3 (0.4)

0.38 (0.01)

0.12 (0.01)

0.26 (0.02)

147.1 (0.2)

Low

17.3 (0.5)

0.12 (0.03)

3.47 (0.16)

3.98 (0.17)

13.3 (0.7)

0.82 (0.02)

0.50 (0.03)

0.32 (0.02)

232.6 (0.2)

High

9.7 (0.3)

0.06 (0.01)

0.83 (0.05)

1.06 (0.05)

8.6 (0.2)

0.44 (0.01)

0.19 (0.01)

0.26 (0.01)

140.4 (11.4)

Low

16.9 (0.5)

0.09 (0.03)

2.61 (0.15)

3.05 (0.15)

13.9 (0.4)

1.13 (0.04)

0.74 (0.02)

0.39 (0.02)

214.3 (17.3)

High

9.4 (0.1)

0.08 (0.00)

1.35 (0.20)

1.43 (0.20)

8.0 (0.2)

0.43 (0.04)

0.01 (0.00)

0.42 (0.05)

165.1 (1.1)

Low

17.0 (0.2)

0.09 (0.00)

1.97 (0.29)

2.11 (0.29)

14.8 (0.5)

0.57 (0.05)

0.18 (0.01)

0.39 (0.05)

414.2 (2.8)

High

9.3 (0.1)

0.06 (0.02)

1.24 (0.30)

1.42 (0.29)

7.8 (0.2)

0.34 (0.04)

0.07 (0.00)

0.27 (0.05)

178.3 (2.7)

Low

32.3 (0.2)

0.13 (0.01)

1.91 (0.46)

2.13 (0.43)

30.2 (0.7)

0.54 (0.07)

0.21 (0.01)

0.33 (0.07) 1388.2 (20.7)

High

11.2 (0.2)

0.03 (0.01)

1.95 (0.36)

2.08 (0.34)

9.1 (0.5)

0.35 (0.04)

0.01 (0.00)

0.34 (0.05)

184.2 (32.2)

Low

25.9 (0.4)

0.10 (0.02)

4.04 (0.75)

4.42 (0.73)

21.4 (1.2)

0.81 (0.10)

0.23 (0.02)

0.58 (0.09)

447.1 (78.2)

High

10.7 (0.1)

0.08 (0.04)

1.84 (0.33)

2.11 (0.37)

8.6 (0.4)

0.33 (0.01)

0.04 (0.00)

0.29 (0.01)

159.0 (4.5)

Low

31.6 (0.3)

0.19 (0.08)

2.41(0.43)

2.94 (0.52)

28.6 (1.3)

0.86 (0.03)

0.31 (0.00)

0.55 (0.03)

590.9 (16.7)

High

7.7 (0.4)

0.03 (0.01)

3.20 (0.10)

3.29 (0.10)

4.4 (0.3)

0.61 (0.02)

0.11 (0.00)

0.49 (0.03)

121.5 (16.9)

Low

17.4 (0.9)

0.04 (0.01)

1.18 (0.04)

1.31 (0.04)

16.1 (1.1)

0.97 (0.03)

0.27 (0.01)

0.70 (0.04)

324.8 (45.1)

High

7.4 (0.4)

0.12 (0.00)

1.56 (0.05)

1.70 (0.06)

5.7 (0.6)

0.67 (0.03)

0.17 (0.00)

0.50 (0.06)

134.4 (1.9)

Low

23.4 (1.2)

0.41 (0.02)

2.95 (0.10)

3.35 (0.11)

20.0 (2.1)

0.59 (0.02)

0.20 (0.00)

0.39 (0.05)

436.5 (6.0)

OL2

OL3

OL4
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OL5

OL6

OL7

OL8

Table C.2 Concentrations of particulate phosphorus (PP) and compositional percentages of operationally defined PP at each sampling
event.
PP

Adsorbed

Fe-bound

Authigenic

Detrital

Organic

Lipid-P

Lipid-P

ID

Tide

M

%

%

%

%

%

M

%

OL1

High

0.68 (0.03)

16.4 (1.7)

24.6 (5.0)

4.9 (1.4)

2.2 (0.3)

51.9 (3.8)

0.02 (0.02)

2.3 (2.8)

Low

0.98 (0.12)

20.3 (2.9)

13.4 (6.9)

11.8 (2.3)

1.2 (1.4)

53.3 (9.1)

High

0.37 (0.07)

22.6 (4.5)

27.2 (7.4)

6.3 (0.8)

2.8 (1.2)

41.2 (2.9)

Low

0.48 (0.06)

33.7 (6.3)

26.1 (5.7)

4.1 (0.5)

2.9 (0.4)

33.3 (4.1)

High

0.51 (0.03)

18.8 (2.9)

45.6 (6.0)

8.4 (2.2)

1.5 (0.6)

25.7 (4.4)

0.03

5.7

Low

0.32 (0.04)

22.1 (9.0)

40.3 (6.5)

4.0 (2.5)

2.5 (0.5)

31.2 (4.4)

0.02

6.6

High

0.40 (0.04)

12.8 (2.5)

41.9 (1.9)

7.6 (2.5)

1.6 (0.3)

36.1 (5.7)

Low

0.57 (0.06)

22.9 (1.2)

23.9 (6.8)

8.3 (3.7)

3.7 (3.1)

41.2 (3.7)

High

0.72 (0.04)

15.5 (3.4)

37.4 (5.6)

4.7 (4.6)

0.1 (0.1)

42.2 (2.4)

Low

0.91 (0.06)

21.1 (2.8)

33.3 (2.3)

1.7 (1.5)

0.4 (0.3)

43.5 (4.9)

High

0.90 (0.07)

20.8 (1.9)

27.6 (5.4)

7.5 (3.3)

0.3 (0.2)

43.8 (5.3)

Low

1.45 (0.28)

36.5 (9.9)

14.9 (8.8)

5.9 (3.7)

1.8 (0.7)

41.0 (6.7)

High

1.27 (0.14)

22.2 (2.9)

23.7 (5.0)

5.4 (0.3)

2.9 (0.2)

45.8 (5.2)

0.03

2.6

Low

2.68 (0.46)

15.1 (4.3)

29.4 (5.7)

4.3 (0.6)

2.9 (0.4)

48.3 (10.5)

0.07 (0.03)

2.7 (1.2)

High

2.57 (0.14)

15.7 (3.4)

28.5 (12.1)

7.8 (1.3)

3.8 (0.6)

44.1 (8.5)

Low

5.17 (0.75)

16.0 (3.8)

29.5 (5.3)

9.2 (1.8)

4.2 (1.5)

41.1 (4.4)

OL2

OL3

OL4
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OL5

OL6

OL7

OL8

Table C.3 Spearman’s rank correlation matrix for selected environmental conditions and percent DOP composition.
N

*

Pnate

monoP
*

diP

pyroP

nucleoPα

polyP

D:M

0.542

-0.491

0.579

-0.104

0.555

P Mass

11

0.537

-0.621

Temperature

14

-0.376

0.181

0.120

-0.422

-0.098

0.077

-0.004

Chlorophyll a

14

-0.432

0.363

-0.053

-0.241

-0.341

-0.003

-0.222

TPP

14

-0.443

0.181

0.164

-0.212

-0.171

0.138

0.020

*

% POP

14

0.088

-0.392

0.581

-0.446

-0.441

0.262

0.491

SRP

14

0.017

-0.321

0.381

-0.409

0.129

0.138

0.367

p < 0.05
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APPENDIX D:
CHAPTER 4 - SUPPLEMENTAL MATERIAL

Table D.1 Sample size for each mean nutrient concentration.
Winter

Spring Summer Fall

Tidal

Slack Low

NO3-

n=

65

52

63

52

36

54

NO2-

n=

65

52

65

52

36

54

NH4+

n=

65

52

65

52

36

54

DIN

n=

65

52

65

52

36

54

DON

n=

65

52

65

52

36

54

SRP

n=

65

52

65

52

36

54

DOP

n=

26

26

26

26

16

24

DOC

n=

65

52

65

51

36

54

PC

n=

26

26

26

25

16

24

PN

n=

26

26

26

25

16

24

PP

n=

26

26

26

26

16

24

POP

n=

26

8

26

26

16

24

Chl a

n=

65

65

65

65

36

54

HPLC

n=

26

26

26

26

16

24
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Table D.2 Mean seasonal and tidal contributions of dissolved nitrogen and phosphorus to
their respective total dissolved pools.
N+N
%

NH4+
%

DON
%

SRP
%

DOP
%

Winter

1.5 ± 0.7

14.7 ± 5.3

83.9 ± 5.7

24.9 ± 10.1

75.1 ± 10.1

Spring

2.0 ± 0.9

16.5 ± 8.5

81.5 ± 8.9

27.5 ± 11.1

72.5 ± 11.1

Summer

1.9 ± 0.8

16.9 ± 9.0

81.2 ± 9.3

38.1 ± 14.1

61.9 ± 14.1

Fall

2.6 ± 0.9

17.4 ± 7.4

79.9 ± 7.8

59.4 ± 11.6

40.7 ± 11.6

Annual

2.0 ± 0.9

16.3 ± 7.6

81.7 ± 8.1

37.5 ± 17.9

62.5 ± 17.9

ANOVA

**

N.S.

N.S.

**

**

Tidal Stage
Slack Low

1.5 ± 0.6

15.5 ± 7.6

83.0 ± 8.0

45.3 ± 16.1

54.7 ± 16.1

Flood Low

2.0 ± 0.9

17.5 ± 8.7

80.6 ± 9.2

43.9 ± 16.1

56.1 ± 16.1

Flood High

2.7 ± 1.0

18.5 ± 6.3

78.8 ± 6.8

38.3 ± 18.8

61.7 ± 18.8

Slack High

2.0 ± 0.9

16.7 ± 10.6 81.2 ± 11.1

21.4 ± 15.9

78.6 ± 15.9

Ebb High

2.2 ± 0.7

15.6 ± 7.5

82.3 ± 7.9

32.0 ± 14.3

68.0 ± 14.3

Ebb Low

1.9 ± 0.9

14.6 ± 6.3

83.5 ± 6.9

39.8 ± 17.0

60.2 ± 17.0

**

**

Season

ANOVA
**
N.S.
N.S.
*p < 0.05; **p < 0.001; N.S. = not significant
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Table D.3 Correlation matrix from Spearman rank order tests between elemental stoichiometry and predominant environmental
parameters.
DIN:SRP

DON:DOP

DOC:DON

PC:PN

PC:PP

PC:POP

PN:PP

PN:POP

Salinity

-0.524**

-0.285*

-0.662**

-0.066

-0.288**

-0.117

-0.225*

Temperature

-0.251**

-0.218*

-0.439**

0.046

-0.461**

-0.240*

Chlorophyll a

0.015

-0.238*

-0.214**

0.175

-0.437**

0.108

NH4+

0.283**

0.347**

-0.026

0.120

-0.316**

0.038

SRP

-0.597**

0.396**

-0.514**

-0.036

-0.386**

-0.165

0.575**

0.266**

0.126

0.119

0.019

-0.152
0.353**
0.417**
0.349**
0.291**
-0.002
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DOC
0.097
*p < 0.05; **p < 0.001

-0.441**
-0.174
-0.087
-0.197
0.069

Table D.4 Individual tidal cycle estimations of nutrient flux.
Transport

N+N

NH4+

DON

SRP

DOP

DOC

Date

m3 s-1

mmol s-1

mmol s-1

mmol s-1

mmol s-1

mmol s-1

mmol s-1

(Su) 08/31/14

-0.06

1.1

6.8

4.3

0.4

4.1

(Su) 09/20/14

-0.30

0.8

3.2

-7.4

-0.3

66.6

(F) 10/10/14

-0.01

1.4

11.4

7.9

0.6

302.7

(F) 10/30/14

0.26

1.9

9.5

9.4

0.8

0.0

155.9

(F) 11/19/14

-0.06

0.2

1.8

8.8

0.5

-0.2

63.1

(F) 12/09/14

-0.05

0.3

8.9

-4.0

0.2

-4.7

(W) 12/29/14

0.11

0.2

3.5

0.5

0.3

-113.9

(W) 01/18/15

-0.02

0.3

2.1

3.1

0.2

40.6

(W) 02/07/15

-0.02

0.1

2.5

-2.1

0.1

0.2

-73.1

(W) 02/27/15

0.12

0.1

-1.7

0.7

0.1

0.4

-330.0

(W) 03/19/15

0.01

-0.7

4.3

4.3

-0.1

-37.1

(Sp) 04/08/15

0.01

0.3

1.0

2.5

0.1

47.4

(Sp) 04/28/15

-0.06

0.4

2.6

0.5

0.0

0.1

-5.9

(Sp) 05/18/15

0.01

0.3

2.7

19.9

0.2

-0.1

237.5

(Sp) 06/07/15

0.00

0.9

2.5

11.2

0.3

108.4

(Su) 06/27/15

-0.06

0.2

-0.1

2.0

0.1

20.0

(Su) 07/17/15

0.03

0.3

4.1

-2.8

-0.1

0.1

5.7

(Su) 08/06/15

0.00

1.0

5.7

-12.1

-0.3

-0.2

-318.1
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Figure D.1 An example plot of the individual ebb, flood, and composite storage curve models
determined by Gardner et al. (2006).
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Figure D.2 An example of instantaneous discharge over a complete tidal cycle (10/30/2014)
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